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ABSTRACT 

The syntheses and spectral properties of several 

tetrakis(diethylphenylphosphonite) transition metal com

plexes are reported. 

The crystal structures of the hydrido complexes 

HzFe((C6H5 )P(OC2H5)z)l~ and HCo((C6H5)P(OCzH5)z )4 have been 

determined. The phosphorus ligands are disposed nearly 

tetrahedrally about the metal atomsg with the hydrogen 

ligands occupying faces of the tetrahedra. 

Infrared and n.m.r. studies of the hydride complexes 

in methylcyclohexane solution indicate that the molecu les 

are stereochemically non-rigid. The classical coordinati on 

structures used in discussing rearrangements of five-

and six-coordinate complexes (octahedronv square pyramid, 

and trigonal bipyramid) are found to be inadequate in the 

discussion of the present complexes. A structure based 

on a tetrahedral skeleton of phosphorus atoms is presented 

as an alternative. 
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GENER<\ L I NTRODUCTION 

Properties of Phosp~o~us Ligands 
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Properti es of Phosphorus Ligan~s 

If a poll were taken among the transition metals 

to determine which ligand atom th.___y c onsider ed to be 

most versat i let c hances are good that a ma jority of the 

me tals would c as t their vote for phosphorus" As the 

hup:c~ amoun t of work published i n t he pas t twenty years 

showsp t he trivalent ph osphorus atom is a v e ritable Jack

o f -all-trades. It fonns ligands which can behave similarly 

to the aminesp and yet 9 with an increas e in the electro

negativity of its substituents j a phosphorus ligand can 

resemble carbon monoxide in behaviore 

The ability to form complex es resembling t hose o f 

carbon monoxide was attributed by Chatt (1) to "dative 

7T -bonding" in which the emp·ty d or bi ta ls o f the phosphorus 

atoms accept electron density from the metal atom. Chatt 

based this argument on studi e s of PF3 , in which the high 

electronegativity of the fluorine atoms contracts the 

phosphorus d orbitals 'co a point where significan-t inter

action with the metal d orbita ls is possibleo Since a 
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Si~ilar back d onation can occur from the metal d to the 

carbo~ p orbi ta ls of ~arbon monoxide ligands, and PF3 and 

CO can b e expected to show similar behavior as ligands. 

As the knowledge of various ligands increased through 

subs e quent work, it became clea r that other phosphorus 

ligandsp although certainly electron donors, had special 

properties not observed with amines and oth~r ~-donors. 

The ~-back donation theory eventually became gen~ra lly 

accepted f or al l phosphorus ligands~ not just those having 

electronegative substituents. Although blessed wi th a 

good deal of merit~ t he theory of back dona~ion to phos

phorus ligands, especially those such as triethyl- and 

triphenylphosphine~ has been greatly overemphasized. 

Inevitably, doubt has arisen as to the extent of back 

b onding in some complexes, although the argument that all 

the observable behavior can be explained in terms of r:r

b onding (2) seems less tenable than the overworked~ 

bonding theory. 

A more moderate view is probably nearer to the truth 

in t his case. Although ~-back b onding is indeed possible 

for all phosphorus ligands 9 it is unlikely that it becomes 

of real significance unless the phosphorus substituents 

are highly elec·tronegativeo Thus 9 it is o bserved that 

PF3 is very similar to CO (3) while PPh
3 

acts more like 

a simple er-donor ligand. The lmver oxidation states 
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of metals are generally stabilized by PF
3 

and various phos

phite esters 9 while the higher oxidation states are favored 

by the alkyl and aryl phosphines. Infrared studies of 

carbony l complexes substituted with a variety of phosphines 

indicate t hat the rr-acceptor properties of phosphorus 

ligands decrease in the order PF
3

> PC1
3

>POR
3

> PR3 (4,5). 

The present work reports the properties of an inter-

tions of complexes of this ligand indicated that it had 

significant 1f- as well as a- -bonding capabilities (6). 

The ultraviolet spectrum of the nickel complex showed a 

much lower energy for the d - w* transition than was 

observed for its P(oc2H~)~ analog (7). I t was inferred 
J _. 

from this observation that (c6H5 )P(oc2H5 ) 2 is a better 

7T-acceptor than P(oc
2

H5 )
3

• 

The versatility of this ligand is itself quite inter-

esting. Although a zero-valent tetracarbonyl complex 

is unknown for platinump nickel tetracarbonyl has been 

known and studied for years. Platinum apparently tends 

to favor ligands which do not require a strong if- inter-

a ction and forms a zero-valent tetrakis(triphenylphosphine ) 

complexQ The corresponding nickel-triphenylphosphine 

complex is unknownQ The a-- and 7T-bonding capabilities 

that stable zero-valent complexes of both nickel and 
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p la tinurn can be prepared, 

Stable hydrides of Fe 11) and Co(I) with (C6H5 )P

(oc2H5 )2 , analogous to the carbonyl complexes first pre

pared by Hieber (8p9)D have als o been prepared. With 

triphenylph osphine , the Fe(III) and Co(Ill) hydrides are 

more stable , and ti.ave been extensively studied in the 

past few years (10-16). 

In the following pages are reported syntheses and 

structural studies of several complexes of diethylphenyl

phosphonitep (c6H5 )P(oc2H5 ) 2 • In the initial stages of 

this workp various substituents were investigated in pla c e 

of the ethyl group in an attempt to improve the bonding 

capabilities of the ligand. These were: isopropyl, iso

butyl, tertiary butyl 9 tr if luoroethyl~ and phenyl. The 

ligands were all prepared from the corresponding alcohols 

by the prescribed method (see Experimental Section ) , 

but none provided any apparent advan'cages over the ethoxy

substi tuted ligand, and they were not investigated further. 

In contrast to expectation~ f luorinating the phenyl ring 

does not appear to improve the complexing ability of the 

phosphonite. Since the synthesis of the fluorinated 

ligand is somewhat more complex, it is reported in the 

Experimental Section. 

The hydride complexes reported below are non-rigid in 

solution, a feature which has been observed for several 
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complexes of this type (17)o It is found tha t the c lassical 

c oordination structures us e d in discussing fiv~and six

c oordinate complexes (octahedron 1 square pyramid~ trigonal 

bipyramid ) are less than adequate in the discussion of 

these c ompounds, A general structure based on a tetra

hedral skeleton of phosphorus atoms is presented as an 

alternative. 
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SECTION I 

E.XPERIM:ENTAL 



8 

f'REPARATIONS 

Because of the poisonous nature of phosphines? phos

phonitesp and their transition metal complexes, the experi 

mental procedures outlined in this section all should be 

carried out in ar, efficient fume hood" Care must also 

be taken to avoid physical contact with these compounds; 

plastic gloves are desirable. While the volatile phos

phines and phosphonites can usually be detected by smell 

before their concentration reaches the danger levelp the 

non-volatile metal complexes can easily escape detection; 

and thareforep should be treated with a reasonable amount 

of respect. 

All of the reactions reported here were carried out 

in an atmosphere of nitrogen or argon. The solvents used 

were sa 'curated with argon by bubbling the gas through the 

solven-t for at least an hour at: room temperature. 
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Die t hy l pheny l phos phoni t e 

(C0H5 )P(oc2H5 ) 2 

C5H5PClz + 2C2H50H + 2(C2H5)3N -----:> (C5H5)P(OCzH5)2 + 

2(c2H5 ) 3NH+Cl 

The large bulk o f amine hydrochloride by-product 

produced in this reaction nec essitatei the use of a 

powerful mechanical stirring motor. This preparation is 

an adaptation of the met hod of Rabinowitz and Pellon (18 ). 

In a 2 liter~ 3~necked flask fitt ed with a 300 ml 

dropping funnels mechani cal stirrer~ and nitrogen inlet 

and outlet , are coillbined 163 gm triethylamine (1.6 mole)g 

74 gm abs o lute ethanol (1.6 mole)~ and 700 ml benzene. 

The resultant s o lution is then coo led in an i ce bath to 
0 

0 - 10 C. A large plastic ice bucket is useful for this 

and later operations requiring cooling f or the large 

flask. Phenylphos phonous dichloride (143 gm, 0.8 mole) 

i s weighed out in the hood (it is a fuming liquid with an 

extremely irritating odor) and transferred t o the dropping 

funnel . The brief exposure of PhPC12 to air during t he 

weighing d o es not lower the yield appreciably, although 

the yield is significantly reduc ed if the dichloride has 

s pent several months on the shelf. While t he s olution 

is stirred, the dichloride is added dropwise fr om the 

funnel. Because o f the volatility of the reactants, some 
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arnine hydrochloride f o rms in the vapors above the solution 

and tends to form clouds which o bs cure the reaction mix -

ture from view. This effect can be minimized by reducing 

the addition r ate and making certain t ha t the temperature 

in the f l ask d o es no t exc eed l0°c. The ni t rogen flow should 

be kep t at a minimum to r educe the c hances of 

clogging t he outlet and bubbler with amine hydrochloride. 

The add ition requires about 1 to 2 hours~ d e pending 

on the t emperature of the flask and how mucn of the amine 

hydrochloride one is willing to have floa ting around above 

t hG react ion rnixture. By =he time all of the dichloride 

h a s bee~ added, the r eact ion rnix~ure consis ts of a thick 

cream-colored slush. The stir~ing is continued fo r an 

hou:c, after which the ice bath is removed and t he flask 

allowed to warm to room temperature. 

stirred for an additional hour . 

The mixture is 

The nitrogen f low i s increased ( by this time the amine 

hydrochloride clouds have been a bsorbed by the slush) 

and t he s tirring rod and blade are removed. After wiping 

the stopcock grease away from tne ground glass joint whi ch 

held t he stirring apparatusg a 10 mm tube with a medium 

poros i ty filter at one end is lowered into t he mixture. 

The tube passes through a rubber stopper, whi c h i s used 

to seal t he contents of t he flask from the atmosphere 

while still allowing the height of the filter to be 
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adjusted. At the opposit e end of the filter tube is a ball 

joint 1.;rhi c h is connected to another 10 mm tube leading 

into a 2 liter 2-necked flask. The other neck of this 

flask is connected through a stopcock to a vacuum pump. 

Since the receiving flask is never completely evacuated 

during the filtration~ it is best to flush it with nitro

gen before the filtration beginso 

The receiving flask is imrnersed in an ice bathg and 

the filter tube in the r ea ction flask is adjusted until 

it almost touches the bottom. The stopcock to the vacuum 

pump is then opened for a few s e cond s to get the filtra

tion start ed . Only a small pressure differential is needed; 

too great a pressure reduction in the r e ceiving flask 

causes the filter to become cloggedo The ice bath for the 

receiving flask r educes t he vapor pressure of the benzene, 

and thus only occasional use of the vacuum pump is required. 

When most of the liquid has passed into the receiving 

flask, 200 ml of cold benzene are added to the amine hydro

chloride in the reaction f lasko This and two additional 

washes of 200 ml each are filtered into the receiving 

flask. Some amine hydrochloride usually is able to pass 

through the filter during washing , but this is removed 

later. 

Af ter adding nitrogen to t he receiving flask to equal

ize the pressure inside with atmospheric pressure, the 
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tube f rom the f ilt e r is r e8ov erl a n d r ep l a ced with a stopper. 

The filtrate can be stored for several days under nitrogen 

in t h e refrigerator. 

A large magnetic stirbar is added to the filtrate 

flask, whi ch is then attached to a distillation apparatus 

with a 2 liter receiving flask~ The receiving flask is 

imrnersed in an ice water bath, with the ice water being 

circulated through the condenser by a centrifugal puinp. 

The system is then evacuated and the filtrate warmed on 

an oil bath until the benzene begins to distill. Vigorous 

stirring with the magn e tic stirbar r educes burn.ping and 

s p lashi11g :. The syst em usua lly do e s not need to be op e n 

to the va cuum pump af·t e r the i n.:..tia l e vacuation, as long 

as the receiving flask and condenser are k ept in ice water. 

After the benzene has b e en distilled into the receiver, 

a light-yellow cloudy liquid remains in the flask. The 

cloudiness is the result of small amouri:cs of amine hydro

chloride which elude the first filtrati on or which p:cecip-

itate out after removal of the benzene. It cannot be 

r emoved by distillation since it comes over with the 

phosphine in much t he s&me manner as a steam distillation. 

The flask containing the residue is then attached to 

a filter tube heading to a 300 ml flask. The smaller flask 

is partially evacuated and the liquid filtered into it. 

When the filtration is complete, a magneti c stirring bar 
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is arlderl t o the fl a s k? and t he fl a sk is attached to a 

s ma ll va cuum distilla tion appa r a t u s. 

The sys t em i s eva cuated and the crude phos ph ine 

heated on an o i l bath. The d. istille.tion colun1n s h ould be 

wrapped in g l as s wool . After a small initial f r a ction 

c ont2inin3 s orae benzene, the wa t er-whit e p r oduct is col.,. 

l e ct ed a t 5 6 - 57 ° c, 0 . 05 rn:..'11 I:-Ig ~ Yie l d: 

Anal Cale for c10H15Po2 , C, 60.60 ; Hj 7.63~ P, 15.63. 

Found : C11 60.44 ; H ~ 7.6Li, ; P 11 15.53 . 

The product is moderat e ly air sensitive and should 

b e store d under nitrogen . Its infrared spectrum has 

bee n report e d (19). 

Diethyl-c - f luorophenylphoschonite 

This compound is pre pa r e d in t he same manner as 

(C6H5 )P(oc2H5 ) 2 ~ substituting p-FC6H4Pcl2 for c6H5Pc12• 

The p-FC6HL~PC12 is prepared according to the method of 

Schind lbauer (20). 

In a 2 liter 3-neck e d flas k e quipped with a mechanical 

stirrer? dropping funne l~ reflux condenser, and nitrogen 

inlet and outlet are combined 1 88 gm AlC1
3 

(1.4 mole) 

and 579 gm PC1
3 

(4.2 mole) . The mix t u re is heated to 

reflux on an oil bath. After stirring for 15 minutes 

(all of the A1Cl3 does not d i ssolve), dropwise addition 



of 100 gm fluorobenzene (l.04 mo l e ) is beguno As the 

f:l..uorobenzene i s adde:d, the solution become s brown a nd 

most of t h e r emaining Al C13 eventually diss o lves c When t:he 

addition is complete (about 1 h our additi on time ) , the 

reaction mixture is c loudyp and light b:c owJ.'1 in color. 

The mixture is then s tirred at refluxing temperature for 

about 4 hours~ 

After coo ling the contents o f the flask to about 

60°c~ 216 gm POCL, (L4 mole ) are added dropwis e o The 
.:; 

POC13 •A1Cl3 adduct prec ipitates i:mrnediately from the 

solution . The mixture is stirred for ~ hcrur after ad-

dition is complete , and is t hen filtered in the same 

is was::-.. ed six ·t irr,es wi'c h 200 n:l portions of petro leurLi 

e 'cher, the wa shes being filtered into the receiver with 

the r eact i on filtrate. 

The petroleu..111. ether and PC13 are removed by ·the same 

metho d used to remove solvent benzene f:c orn the ( c
6

H
5

)P

(oc2H5 )2 react i o n mixtureQ The c r ude product 1 about 125 ml) 

was transferred to a smaller flask and vacuum distilled.. 

Bp n 5 8 - 60°C» 0 .05 mm Hgo Yi e ld z 118 gmp 60%. 

The prepa ration of the cor r e sponding diethyl ester 

is carrie d out using the method reported above f or the 

synthesis of (C6H5 )P(OC2H5 ) 2 Q The quantities of reactants 

are 70 gm (lo52 mole ) absolute ethanol , 130 gm (1Q27 mole) 



15 

triethylamine, and 118 gm (0.6 mole ) (p-FC6H4 )PC1 2 • 

The solv0nt again is benzene (700 ml ). 

Upon vacm1In distillation of the crude product about 

70 gm p-FC6HL~P(oc2H5 ) are obtained. This represents a 

55% yield based on the dichloride. The p.m.r. spectrum 

indicates only two types of aromatic protons~ as is ex-

pected f or para disubsti·tuted benzene. Anal Cale for 

c 10H15Fo2Pi C, 55.56 ; H, 6.53; F 7 8.79; Ps 14.33. Found: 

C, 5 5 Q 3 6 ; H, 6 • 45; F , 8. 9 8:; P , 1 Li-. 3 9 Q 

Dihvd r idotetra kis(diethylphenylohosphonite ) i ron(.:I) 

In a 100 ml 3-necked flask equipped with a reflux 

condenser , dropping funnel (10 ml), magne'cic stirring 

bar 11 and nitrogen inlet and out let: are combined 1. 27 gm 

(0801 mole) anhydrous ferrous c hloride_, 10 gm (0.05 mole) 

diethylphenylphosphonite~ and 50 ml absolute ethano l. 

This m.ixture is stirred at: reflux temperature for three 

hours. The resultant solution is nearly colorless , al-

though in some cases it has a light gray or green cast 

(If heating is continued for an additional hour or two, 

the solution becomes yellow , presumably due to the f orm-

a·tion of srna 11 amounts of H2FeLl~. ) . The contents of the 

flask are coo led to 40 ,....00 - ::) C and a freshly prepared 

solution of sodium borohydride (Oo2 gm in 10 ml absolute 



ethanol) was a dded slowly from the dropping funnel. It is 

e x treme ly i mportant t hat t h e sod iurn borohydrid e used in 

this st e p be o f high quality. Although th is reaction has 

been successfully carried out using FeC1 2 •4H2o instead of 

anhydrous material, it invariably gives a low yield if the 

sodium borohydride used in the reaction is lumpy or crusty 

in appearance. Initially upon addi·t:ion of the borohydride, 

the s olut ion turns red with some evolution of gasp but 

after a few moments the reddish color fades and the final 

color at the comple tion of addition is dark yellow-brown . 

A small amount of gray powd e r pre cipitates from the solu-

tion during the addition . The mi xtu re is then stirred for 

about an hour, and the dropping funnel is replaced by a 

mediurn porosity filter tube leading into a 100 ml round 

bottom flask fitted with a sidearm a n d stopcock. The 

sidearm is conne ct ed to a vacu um pump and the stopcock 

opened to evacuate the receiving flask. The nitrogen 

fl ow is increased into the rea ction flask, thus flushing 

the filter tube and the rec e iving flask. The stopcock to 

the pump is then c losed~ and the nitrog en pressure allowed 

to equilibrate on both sides of the filter. The system 

is then tilted so that the reaction mixture can flow into 

the filter tubeo The stopcock connected to the vacuum 

line is then opened for a second or two, to lower the 

pressure slightly in the receiving flask. A large pressure 
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ciiff erential c an cause the filter to c lo3. After all of 

the solution has passed into t:he receiver , the vacuum line 

is r epla ced with a n itrog e n line. The stopcock is opened, 

and with a rapid stream of nitroge:n flowing through the 

rec eiving flask, the filter tube is removed and replaced 

with a glass stopper. The solution is allowed to stand 

at room t empera t ure for several hours. I f crystall ization 

has not occurred by this time~ the solut ion c an be stored 

in a refrigerator. Large yellow holohedral prisms sepa 

rc'.lte from tht;, solPtionp whi c h is drawn off with a syringe 

and concentrated for a second crop of crystals. The pro

duct is washed several times with cold (I0°c ) absolute 

ethanol and dried i n v acuoo Yield~ 3 - 6, gm.p about 6, 0% 0 

The crystals are best stored under an inert atmosphere in 

a refrigerator~ although they can be stored indef initely 

a t room t emperature in a light-fn~e, c a r efully evacuated 

v es sel. Anal Cale for c40H62Fe08P4 : C, 56.48; HP 7.35; 

Fe , 6.57 ; P~ 14.56. Found: CP 56 .46 ; H? 7.30 ; Fe, 6.72 ; 

P, 14. 73. 

Dideuteridotetrakis(diethylphenylphosphonite ) iron(I I) 

D2Fe((c6H5 )P(OC2H5)2)4 

This complex is prepared in a manner analog ous to the 

corresponding hydride complex exc ept t hat c2H5on is used 

as the solven t and NaBD4 is used as the r educing agento 
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Attempts to prepare the deuteride from the hydride by treat-

ment with D
2 

and recrystallization from c2H50D failed to 

yield anything but unsubstituted starting material. 

Dihydridot e trakis (diethyl - p-fluorophenylpho sphonit e )iron ( ll) 

The pr epara tioTI of this complex is t he same as that 

the product was apparently impure. The removal of the 

final tra6es of solvent appears to be part of the difficult~ 

Otherwise, the color is light yellow, and the infrared 

spectrum indicates nothing unusual. The iron-hydrogen 

-1 
stretching frequency is observed at 1978 cm • 

Hydrid otetrakis ( di e'chylphenylphos phoni t e ) coba 1 t (I ) 

In the same apparatus used for preparing the iron com-

plexes are combined 1.30 gm anhydrous cobaltous chloride 

and 50 ml absolute ethanol . After war ming to 
0 so - 60 c 

and stirring for a few minutes~ all but a few particles 

of the chloride dissolve, yielding a dark blue solution. 

With a stream of nitrogen passing through ·the flask, 

diethylphenylphosphonite (10 gm, Oa05 mole) is then added 

from a syringe , giving rise immedia'cely to a dark green 
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suspension. After stirring this mixture for 15 minutes~ 

a freshly prepared, saturated solution of sodium borohydride 

in ethanol is added dropwise until tho color of the reac-

tion mixture becomes bright yellow. The addition is 

accompanied by a vigorous e volution of gas; about 4 - 5 ml 

of borohydride solution arc usually required. The mixture 

is stirred for 15 minutes and then filtered. Occasionally, 

some of the product precipitates from the solutio n before 

the filtration. This is crystalline rather than granular, 

distinguishing it from t he usual grey bi-product of the 

reaction. The crystals can be redissolved by h eating, or 

the addition of more eth.anoL Aft Gr filtering as for the 

iron complexes, t he yellow-orange solution i s allowad t o 

s tand u nder nitrogen at room temperature for several hours. 

Th e product sepa~at es fro~ so~ution as orange holohedral 

prisms. The mother liquor is d:rawn off and reduced in 

volume to obtain more product., The crystals are washed 

with cold ethanol several times, and dried in vacuo. 

Yield: 6 - 7 gm, 70 - 803. The compound can also be pre-

pared in the absence of sodium borohyd.!..'ide by merely re-

fluxing together for several hours thG CoC 12 , phosphonites 

and e'chanol. Presumably "i::his reaction involves the transfer 

of a hydride ion from the alpha carbon of the alcohol (21 ). 

The yield by this process is only about 103~ Anal Cale 
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Found: C, 56.25; H, 7.22 ; Co , 7.00~ P, 14028. The crystals 

are stable to air for a few days, and can be stored inde-

finitely at room temperature uncer nitrogen. 

Deuteridotetrakis(diethylphenvlphosphonite)cobalt(l) 

DCo((C6H5)P(OC2H5)2)4 

This c omplex is prepared by the method above except 

for the substitution of c2H5on and NaBD4 for c2H5oH and 

NaBH4 • As in the case with iron complexes, at t empts to 

deutera te the hydride complex by e~change with D2 and 

Hydridotetrakis(diethyl-p-fluorophenylphosphonite)cobalt(I) 

HCo((p-FC6H4 )P(OC2H5)2)4 

The above metho d was used to prepare this complex. 

The product resembled the diethylphenylphosphonite complex 

in appearance although the weak cobalt-hydrogen stretching 

absorption was not observed in the infrared spectrum. 

Tetrakis(diethylphenylphosphonite)nickel(O) 

Ni((C6H5 )P(oc2H5 ) 2 ) 4 

This compound was prepared by the reported method (7). 

The product crystallizes as light-yellow, square plates. 
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The literature method (7) for the preparation of this 

complex is unre_iable. For the present studyp 0.495 gm 

CuCl (0.005 mole) is combined in the usual reaction appar-

atus (see preparations above) w"th 4.5 gm (c
6

H
5

)P(oc
2

H
5

)
2 

(0.0225 mole). The mixture is heated to ll0°c on an oil 

bath. The solid slowly dissolves yielding a clear$ color
o 

less liquid. After stirring at 100 - 110 C for about 6 

hoursp the heating bath is removed and the flask immersed 

in a liquid nitrogen bath. The flask is then stored at 

0 -20 C for several hours. The contents of the flask are then 

allowed to warm to room temperatureo The residual white 

crysta ls are broken up and washed several times with 10 ml 

portions of cold (10°C) pet:coleurn etherp and dried in 

0 
va cuo (at 5 C). Yield1 3o5 grn 9 803. The complex tends 

to dissociate in a vacuum at room temperature p yielding 

free phosphine and ((c6H5 )P(oc2H5 ) 2 ) 3CuC1. Anal Cale for 

c40H0oC1Cu03P4: C1 53.75; Hp 6.76; Cl , 3.98 ; Pp 13.88. 

Found: C, 52.49; HP 6.88; Cl, 4.67; P, 13.95. The com-

pound is best stored under nitrogen in a refrigerator. 
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Th is compound w2s prepared by t h e literature method 

(7) ~ altb.ough in much l ower yie ld than report e d (103) . 

Crystals could only be obta ined by storing the reaction 

mixture at -20°c . Af t er washing the product with cold 

ethanol, it is 
0 

dried in va cuo (-10 C) ,and can be stored 

0 
indefinitely in a vacuum at -20 C a 

Tet r akis ( diet hy lnhenylphoschonite )plat i num (O) 

In a 100 ml 3-necked f lask con tain ing a ma gnetic 

stirring bar and fi t t ed wi th a r eflux condensers dropping 

fu nn e l , a nd nitroge n inlet a n d ou tle t are combined 1 gm 

PtC1 2 (3 .75 mole ) and 25 ml a bsolut e ethanol. To this dark 

brown mixture is added l'.~ gm (C
6

H
5

)P(oc
2

H
5

)
2 

( 0.02 mole), 

and the flask is warmed on an oil bath~ The color of the 

mixture begins to ligh t e n inunedia·tely (even before it: is 

warm ) 9 and the solid gradually d issolves. After ten min-

utes a clear~ nearly colorle ss s olution remains. The sol-

ution is stirred at r e flux temp erature for one hour. A 

freshly prepared~ saturated solu tion of sodium borohydride 

in absolute ethanol is transferred to the dropping funnel. 

With the o il bath temperature at 60°c, the borohydride 
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solution is added dropwise to the reaction mixture. Ad-

dition is continued until further drops of the borohydride 

solution fail t o produce a vigorous evolution of gas. 

The resultant mixture (very ligh t yellow) is stirred at a 

bath temperature of S0°c for one hour. It is filtered 

while hot 1 using the method described above for the iron 

complex. The filtrate is allowed to stand under nitrogen 

at room temperature for several hourso The mother liquor 

is drawn off with a syringe and the nearly colorless 

platelets washed six times with 5 ml portions of absolute 

ethanol (I0°c). The crystals are dried in vacuo" Yield1 

3.18 gm, 863. A second crop of crystals can be obtained 

by placing the mother liquor in a refrigerator for a few 

days~ raising the yield to 983. The product is stable to 

air for several hours ; it can be stored indefinitely under 

argon or nitrogen. Anal Cale for c40H60o8Y4Pta C, 48.63; 

H9 6.121 P 1 12.Sl'.,l; Pt, 19.7L:-. Founds C, 49.30; H, 6,25; 

P» 12.12i Pt, 19.SSQ 
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SPECTRA 

Infrare d s pectra we r e o bta i ned on a Perkin-Elmer 225 

sp e c t rophot ome ter. Samples were run either as Nujol or 

fluorocarbon mulls or as thin films between Csl and KBr 

plates. Low temperature soluti on work was carried out using 

an AgCl 0.01 rrrrn c ell encased in a vacuum c hamber having 

KBr windows. A therrr.ocouple atta c hed to the cel l monitored 

the temperature. Raman spectra were obtained on a Cary 

model 80 spectrophotometer utilizing helium-neon laser 

exciting radiation. N.m.r. sp e ctra were obtained using 

a Varian As soc ia t es 220 megacycle instrumento 
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C.i\LCULATIONS 

The crystal structure calculations were carried out 

using programs of the CRYM system on an 1Br·1 360/75 computer. 

The weighting fun ction used was w = 1/a- where er is the 

standard devia tion of the intensity. The residual index, 

R, was calculated from t he r elationship: 

In t he l eas t-squares refinements the function minimized was: 

L w(k21F 12 -obs 

Standa rd deviations of the parameters derived from the leas~ 

squares refinements were c alculated using: 

L w(k
2

F c 

2 
- F 

2
)

2 
} 1 

cr i = { (A-l)ii[ ~lb : s C'A1r J ~2 

where er . is the standard deviation of parameter i 1 
1. 

-1 (A ) .. 
J..1. 

is the diagonal element of the inverse matrix corresponding 

to parameter i, m is the nurc,ber of observations, s is the 

number of parameters being refined, and k is the scale 

f~ c t-or r~or 1"' 
~ ~ ~ obs· 



SECTION II 

DIHYDRIDOTETRP.KIS (DIETHYLPHENYLPHOSPHONITE) IRON(II) 
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INTRODUCTION 

The first complex transition metal hydride, H
2
Fe( C0) 4 , 

was reported by Hieber in 1931 (8), It is an air sensitive, 

thermally unstable liquid which decomposes at -10°C (22)a 

I . .., L spite of a great deal of research into the properties 

of the complex, its structure is still in question (23)# 

Probably the most significant s'cructu:cal work to date ha s 

been reported by Ewens and Lister (24) (electron diffrac-

tion) and G. w·ilkins on, et al (25) (broad line proton 

magnetic resonance spectra). 

The electron diffraction experiment yielded data 

which were best explained by a tetrahedral disposition of 

the carbonyl groups about the iron atom. Unfortunately, 

only planar and regular tetrahedral geometries for the four 

carbonyl groups were considered as possible models. No 

attempt wa s made to coi11pare t:he dat:a with those calculated 

for tetrahedra which had been dis'corted by the positioning 

o f hydrogen atoms in face and edge positions. The assign-

ment o f a regular tetrahedral configuration t o the carbonyl 
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skeleton led to the belief , popular for several years,that 

the hydrogens were bonded to the carbonyl groups (23). 

In the broad-line p.m.r. work, it was assumed that the 

width of the band was due entirely to intramolecular pro-

ton-proton interactions. The H-H distance was then calcu
o 

lated to be 1.88±0.05 A. In order to calculate the metal-

hyd rogen distance, it was necessary to assume a specific 

geometry for the hydride ligands. At the time of the p.m.r. 

work, the belief that the hy drogen was buried in the elec-

tron cloud of the metal was enjoying some popularity. Using 

an undistorted tetrahedron o f carbonyls as a base, the 

authors decided upon a rather unfortunate range for the H

o 0 
Fe-H angle (109 -125 ) . The Fe-H distance was then calcu-

lated to be a fashionable, but as we know now, unrealistic 
0 

lol A. Neutron diffraction and x-ray diffraction studies of 

other complex metal hydride complexes (including the pre-

sent work) have sin ce shovm t hat transition metal-hydrogen 
0 

distances lie in the range 1.L!-5- 1.65 A. A very accurate 

M- H distance, 
0 1.601(16) A, has been obtained from a neutron 

diffraction investigation o f HMn( Co) 5 (26). If a 90° H-Fe-H 

angle had been assumed, t he Fe-H distance calculated would 

have been a more reasonable 1. 33 X. With corrections for the 

probable intermolecular H- H interactions, this value would 

approach the 1.45-1.65 g now generally accepted for M-H 

bond distances . It is likely that the configuration of H2Fe

(C0)4 approximc:tes a tetrahedron of carbonyl ligands, with 
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the hydrog en atoms lying on t wo of the 3-fold axes. A re-

cen t report o f the i n frared a n d MBssba uer spe ctra of H2Fe

(Co)4 is consistent with such a structure (27). A weak band 

-1 
a t 1 8 87 cm in t h e infra red s p ectrum has been assigned to 

the me t a l-hydrog en s tretching frequen c y . 

In 1 960, Chatt (2 8 ) r eport e d the prepa r a tion o f a new 

I n contrast 

t o the carbonyl d i hyci ricie, this c ompound is crys ta ll ine 

a n d ther~a lly stab l e ( dee . 250°C). On the basis of the 

n.m.r. spectrum (3 lines of the expected quintet were 

observed , T23.l) and the low dipole momentp 1.80 DP the 

complex was assigne d a t rans configuration. The results of 

the present work indica ·te that such an assignment cannot 

be made on the basis of n.rn.r. or dipole moment data alone. 

The n.m.r. spectrum, for example, could also be explained 

by a cis configuration ) if the trip l et of doublets (as 

found for the c is f orrn o f t he a n a log ous dihydride complex 

Fortunately 1 othe r evidence is ava i l able which tends 

to confirm the t r ans a ssigmnent. The iron-hydrogen 

-1 
stret ching frequency shows up as a strong band at 1726 cm 

-1 
The corresponding clid eut eride band appears at 1259 cm • 

These data are valuable in t hree respects • Firs 'c, there is 

only one band; this is ex pec·ted from the symmetry of a 

t r ans isomer. Second ~ t he ban d is very intense by compari-

son with bands of known c is - d ihydrides. This is expected 
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for the asymm0tric mod e of a t r a:ns isomer. Third 1 and 

most important, the band is observed at a relatively low 

energy. Alkyl, aryl, a nd hydride ligands are thought to 

have a very large er ·t rans influence" 'che effect of which 

is to weaken o- bonds tra n s to them. In the case of phos-

phine or carbonyl ligands t rans to a hydride~ the weakening 

of the trans o- bond apparently can be compensated for at 

least partially by an increase in the d 71' - d 71' . or d -rr - p.,,. 

interactions e This compensation is impossible for the 

hydride ligands in a trans dihyd.ride complex, and thus the 

Fe-H bonds are weakened 9 res ulting i n a lower energy for 

the Fe-H stretching vibration. In dihydride complexes the 

shift in bands going from c is to t r ans is quite significant. 

Ci s isome::s display metal-hydrogen stretching absorptions 

-1 -1 
in the range 1800 - 2050 cm ? and rnay be as high as 2200 cm 

in cas es where the hydride is t rans to a ligand such as 

-Cl ; trans isomers absorb in the 1600 1750 
-1 

cm range. 

As is generally observed for transition metal hydride 

complexes of tertiary organo-phosphines, the hydrogens in 

is markedly different from the behavior of transition metal 

carbonyl hydrides., which are generally quite acidic (k1 
-5 

for H2Fe(C0) 4 is 4xl0 ) (32). The phosphine complexes 

are usually unaffected by treatment with strong bases» and 

are usually prepared in the presence of such bases as Na.OH 
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In contrastp the carbonyl comp l exes oft e n react 

with bas e s to f orrn salts i n which 'che c a rbonyl hydride com-

ple x , having lost a proton~ s erves as an a nion. 

Tr if luorophosphine has been s h own to be ·the phosphorus 

ligand best equipped ele ctron ica lly and sterically t o form 

compounds analogous to ·the carbonyl complexes (1,3-5 ,33-37). 

PF3 has been showD? by infrared evidence (33) and more 

recently by photoelectron spectroscopy (37)P t o exceed CO 

in its electron acc e ptor capa bilities. The cornplex 

H
2

Fe (PF3 ) 4_ has been d i s cu s sed on ly br iefly (3) ~ It is a 

colorle ss liquid? melting a t 
0 

about - 80 C; t he metal-hydro-
_1 

gen stre tch i ng absorption is observed a t 1 935 cm .... Much more 

stable the r:rr.a l ly than '.:he carbony l coll:.p lex, it d ecompos e s 
0 

at 205 C. Unlik e s i milar complexe s with organo-phosphines 

and phosphites~ this compound is acidic~ and~ in general, 

its propertie s r e semble t h ose of H2Fe (C0)4. 

More recently ~ the trie t hylphosph ite member of this 

s e ries, H2Fe (P(OEt) 3 ) 4 » was reported (38). The metal

- 1 
hydrogen stretching f r equency was observed at 1912 cm 

(cs 2 solution ) ; an absorption at this relatively high 

ene r gy is usu3lly ind icative of a c is c onfiguration . The 

n.m.r. spectrum shows a quintet at -r 26.0, from which the 

authors con c luded that t h e configuration of the hydride 

ligands must be trans. Th e five lines observed in the 

room t emperature n .. m.r. spectrum might well have been 
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attributed to nonrigidity of the molecule, especially since 

both the low temperature proton n~m.r. and the 31 P n.m.ra 

s pec·tra indi cated a structure of lower s yffin1etry. 

In comparison with the complexes mentioned above~ the 

relatively easy to prepare (see Experimental Section). 

The compound is obtc.ine d as well-formed light yellow 

crystals, which decompose after a few hoursu exposure to 

air. If stored in a carefully sealed vessel under nitrogen 

or argon, the compound is stable indefinitely. Because 

of its relatively high thermal stability (decomposition 

occurs at 130 - 150°C), the complex is well suited for 

spectral study. 

Initial n.m.r. data (39) indicated t hat in methyl-

cyclohexane solution the complex perhaps was undergoing 

a rapid r..:-arrangement. At room temperature a symmetric 

quintet ( -r 24.3) was observed ~ having peak area ratios of 

1:4:6:4:1. 
0 

At -60 C, however, two resonances were observed. 

The firstj) at T 21.0P was another quintet, but not as well 

resolved as the first. The secondp at -r 23.4~ was a 

poorly resolved triplet o f doublets. Figure 1 shows the 

high-field p. m. r. s pectrurn of the comp lex. (Hore recent 

n.m.r. experiments have given muc h bet·ter res olution of the 

bands (40) . The compound is unstable in solution, and the 

long periods of time between sample preparation and the 
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Figure lo High-Field N.rn~ r. Spectrum of 

H2Fe((C6H5 )P(OCzH5 )2) 4 

25°C 

-60°C 



actual determinations apparently caused enough decomposition 

in the initial samples to lower the r esolution. ) 

indicated changes were taking place in solution. Spectra 

of Nuj ol mulls and KBr pel l ets of the comp ound in the solid 
-1 

state showed a broad, medium band at 1973 cm which was 

tentatively assigned to the metal-hydrogen stretching fre-

quency. In solution ~ however, this band disappeared, and 

- 1 
the only band in the 1700 - 2200 cm region not observed 

in spectrum of the phosphine ligand was a weak, broad 

abs orption including several peaks~ the most 

prominent of these being ob serve d at 1918 and 1946 -1 
cm 0 

By comparison with the intens ities of several other peaks 

in the spectrum, the i n tensity of the Fe-H absorpt ion in 

solution was found to be abou-t half the intensity obs erved 

f or v(Fe-H) in the spectrum of the solid. 

Although it seemed apparent that a r earranger,1ent was 

taking place, the evidence at this stage wa s insufficient 

to give a reasonab le explanation of t he observat i ons. 

There were two appar ent direct ions f or f urther study. The 

crysta l s could be studied by x-ray diffr a ction, or solutions 

of t he complex could be investigated by n.m.r. and ir. 

spectroscopy. An x-ray crystal structure o f the comp lex 

would give the configuration of the molecule in the solid 

state, and might s upply some hint s for the elucidation of 
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the species in solution. An infrared and n.m.r. study 

mi8ht produce enough evidence to assign approximate conf ig-

urations to t he species in solution , but the configuration 

in the solid state still would be uncertain. It was decided 

to proceed along the former path for three reasons: A) the 

crystal s'cructure of a complex transition metal dihydride 

had never been determined (23,41); such an investigation 

would serve as a test of the theory that cis dihydrides 

generally absorb infrared radiation in the 1800 - 2050 cm-l 

region; B) crystals of H2Fe((c 6H5 )P(oc2H5 ) 2 ) 4 are large, 

transpa r ent, well-defined, and from all outward appearances 

generally well suited for x-ray investigation1 and C) the 

necessary equipment for a thorough n.m.r. study was not 

rE:adily available. 
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Collection and Treatment of the Data 

Since all of the observed iron~hydrogen stretching 

absorptions of this compound were located well within the 
-1 

1800 - 2050 cm range, this determination began and was 

carried out with the expectation that the two hydride 

ligands would be shown to have a cis configuration. 

large, and in many cases~ too large for accurate x-ray 

work. X-ray absorption by a large irregularly-shaped 

crystal alters the values of the recorded intensities» makes 

solution of the structure difficult~ and in extreme cases, 

can yield an incorrect solut ion for the structure. For this 

reason , it is desirable to colle ct intensity data from 

small crystals which are at least approximately spherical 

in shape. Most of the crystals on hand at the beginning of 

t h is determination had at least one dimension equal to or 
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exceeding 1 mm. The optimUJl', crystal thickness, defined as 

2/µ where µ equals 'che linear absorption coefficientp is 

found to be 0.69 mm for this compound. Several recrystalli

zations from absolute ethanol were required to obtain well

defined crystals that we~e small enough for investigationo 

Since the crystals are modera t ely air sensitive, a 

means of protecting them from the atmosphere was necessary. 

The usual method of encapsulation in a glass capillary tube 

·was f ound to be unsatisfactory. The very soft crystals could 

not be positioned firmly in a capillary tube because of 

their tendency to crumble as they were pushed into the tube. 

As an alternative, the crystals were mounted on thin glas s 

fibers with a clear epoxy c ement , and after the mounting 

c ement had hardened, they were carefully coat ed with more 

cement. The mounting operation was carried out with an 

8-inch aluminum foil wall built up around the microscope 

and mounting apparatus. A rapid flow of argon was admitted 

at the bottom of the c hamber. Argon is denser than air, 

and thus kept the concentrati on of oxygen inside the walls 

much lower than that outside. Once a crystal was mounted, 

it was placed in an evacuated dessicator until the cement 

hardened. The coating procedure was carried out under the 

same conditions as mounting, and the crystals were stored 

under argon until the cement was fully cured. 

Initial Weissenberg photographs ind icated that the unit 
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cell was triclinic. In order to ge t accurate cell con -

constants for data collection, it was necessary to obtain 

photographs along an additional two axes 1 requiring the 

mounting of several crystal s at different angles. (Although 

in theory a precession camera could have been used to 

obtain the additional cell dimensions, in practice this 

was found to be a very difficult and time consuming pro

c edure. ) When, after some time , three suitable axes were 

located from the preliminary Weiss enberg photographs, pre

c ision We iss enber g pho tographs ware obtained of crystals 

moun t ed perpendicula r to these axes. From a least-squares 

r ef inement of 26 values f rom the photographs, initial 

cell constants were obtained . 

For the col lection of intensity data, a crystal meas

uring 0. 10 x 0. 26 x 0. 25 rtffn was mounted with its b axis 

parallel to the ¢ axis of the diffra c tometer. The b 

axis corresponds to t he long axis of the crystal. Initially 

there was some d ifficulty in a lignrnent be cause of confusion 

in the sign of the b axis~ resulting eventually in the use 

of a left-handed c e ll. The c e ll dimensions used for the 

r emainder of the determination were obta ined f rom a least

squares ref inemen-t based on 20 values of L+7 reflections 

measured on t he diffractometer. The c ell parameters are 

giv en in Table 1. 

The experimental density was mea sured by the flotation 
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0 
a = 17.4945(30) A 

b = 12.7325( 74 ) 

c = 11.9404(59) 

Reduced Ce 11~': : 

a = 11. 7938( 3L:-) ~ 

b = 1L9397 (63) 

c = 17 0 6c908(28) 

;', Derived from 25 2e 

Index Relationships : 

h = r k + 1 

k = -1 
r 

1 = h 
r 

a= 122.998(43) 0 

B = 90.207(36) 

Y= 9L~.441(39) 

a= 89. 7 2L~(31 ) o 

f3 = 96c.966 (27) 

Y= 115 . 135 ( 32) 

values 

(The nUJ.~bers in parentheses indicate the 
standard deviations of the final signifi
cant figures of each value.) 
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method using aqueous Kl solutions. The experimental value 
3 

was 1.24(5) gm/cm 1 using the cell constants from Table 1 1 

3 
a calculated density of 1.27 gm/cm is obtained . 

Intensity data were colle cted on a Datex-autornated 

General El e ctric diffractometer us ing iron oxide-filtered 

coba lt rc:a ia t ~Lo n. Although molybdenum ra. d ia·tioJ.1. is 

preferable in cases such as this where absorption may be-

come important, the large unit cell prec luded its use. The 

8 - 2 () scanning mechanism wa s progra:rnmed with a scan range 

of 2 degrees at 2 () = 4 degrees to L~. 5 degrees at 2 () = 

150 degrees. The scanning speed was 2° per minute. 

Stationary background counts of 30 seconds each were 

obtained at the extremes of each scan. 

Check reflections were monitored every twenty r eflec-

tions, and indicated a 153 drop in intensity by the end of 

data colle ction. Subsequent examination of the crystal 

under a mi croscope indicated that the crys 'cal had not been 

sealed off completely from the atmosphere, and that the 

intensity loss was probably due 'co decomposition by atmos-

pheric oxygen rather than the x-rays. 

tion coefficient was ca lculated t o be 

The linear absorp

-1 µ = 29 cm , yielding 

transmission factors which varied from 0.45 to O. 71...L. A 

total of 5240 reflections were collected in 13 sets. The 

intensities of the reflections were scale d to the intensity 

of one of the check reflections which had been assigned a 
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fixed !Fl value (100.0) for all of the data SE:ts. Lorentz 

and polarization corrections were applied t o all the data, 

but n o absorption corrections were made . The data were put 

on an a pproxima tely absolute scale with a Wilson plot1 the 

ov0r - a 11 thermal par ame'cer was B = 1 o 93 f?. 2 • 

Application of the zero moment test (42 ) for a center 

o f syrru:ne try yielded a :cesul'c which indicated tha 'c the cell 

was non-centrosyrr@etrico A visual test can als o be made for 

a center o f syrrunetry 9 since centrosyrnrnetric c el ls usually 

give photographs which display ref lcc tions which have 

intens ities varying ove r a wide ranee o Non-centrocyrruT1etric 

c e lls, on the other hand, tend to have reflect i ons wh ich do 

not vary greatly in int e:nsi t~r o From this aspect ~ the c e ll 

appee::::-ed to b0 a l most certair,ly centrosynu-netric (i~3). The 

e rror i n the statis~ical tes t was later found to be the 

result of a large number of positive high-angle reflecti ons 

which were introduced by a high noise level in the data 

colle ction system. Near t h e end o f the ref inement~ about 

eighty reflect i ons were noted f or which F was at or 
calc 

near zero. As the 28 value of these reflections increased, 

the F values tended to incr ease also~ indicatin0~ that obs 

the e rrors were in some way rela ted to the length of the 

26 scan. Unfortunatelyp t he errors were not c onsistent 

enough to allow sui t able corrections to be made. Several 

att empts were made to find a satisfactory correction 
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The error introduced, however, did not become significant 

for most reflections until 26 
0 

exceeded 100 ; therefore 1 

in t he final refinements of the structure the data were 

limited to those :c:-eflections with 2() < 103° (sin() /A. < 

0,436, 3088 reflections). 

The atomic scattering fa ctors were taken from the 

I nternational Tables for X-ra y Crystallography (44); tho se 

of iron and phosphorus were corrected for the real part o f 

aromalous dispersion. Although no corrections have been 

calculated for cobalt radiation , Cromer (45) has tabulated 

those for several othe r radiations including iron and copper. 

By ex·crapolation of these values~ ano:malous dispersion 

corrections were obtained for Fe and P using cobalt radia-

tion, The values used were~ for Fe:. Af' = -3.55e-; f or 

P, Af' = 0.30e-. 

Using the entire data set (5240 reflections) a sharp-

ened three-dimensional Patterson map was calculated. Eight 

major peaks were observed at distances from the origin o f 

0 
about 2 A, the approxima t e Fe-P bond distance. By examin-

ation of the various possible vectors between these images 

of 'che phosphorus atoms it was possible to separa·te the 

eight vectors into two groups of four vectors each. One 

group corresponded to the Fe
1 

to P1 vectors, the other t o 

the P
1

- Fe
1 

vectors. Thus~ at this stage , the configuration 
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of the phosphorus atoms a bout the iron atom was determined. 

It was found to be approximately tetrahedral , with one 

1 ~ 1 h d b 135°. ang e or t1e tetra~e ron opened to a out This 

configuration had been pre dicted for the structure of the 

analogous complexes H
2
Fe(C0)

4 
(23 ) and H

2
Fe ' PF

3
) 4 (3). 

Although the location of the Fe-P vectors presented 

no difficulty, the l oca t ion of the important Fe1-Fe2 

vector was more cornplexe The large number of possible 

Fe-Fe vectors in the map made selection o f symmetry related 

pairs very diffi cult. Several attempts at phasing using 

di ffer ent Fe
1

-Fe
2 

ve ctors a s t h e bas e s for determining the 

iron position fail ed to prod u c e mode ls which could be re-

f i ned to realistic structu r e s . 

The difficulties encountered in the assignment of the 

Patterson v e ctors led to an attempt to phase the data using 

the s ymbo lie addition method ( 96). Only 4-18 reflections 

were used in the determination and thus the posi'cions of 

any a t oms revealed would at best be approximate. The cell 

was assumed to be c entrosymmetric since thi s greatly 

simplified the operation. When the addition procedure 

was complete , two possible phasing a ssignments were found 

to have low conflict ratios. Both of these ·were used to 

phase the reflections and a Fourier map was calculated for 

each cas e. In retrospect~ it can be seen that one 

map approximated the actual atomic positions r ather well, 



4L~. 

but due to the distortion and the high noise level, this 

was not obvious at the time. 

A second atte.rnpt was made 'co determine the position of 

the Fe
1

-Fe2 vector from the sharpened Patterson map. 

Instead of searching specifically for the Fe
1

-Fe
2 

vector, 

all the possible vectors corresponding to a reasonable 

distance between iron atoms (7 - 11 ~) were tentatively 

assumed to be Fe
1 

to P
2 

vectors~ that i s , vectors from the 

iron atom of mo lecule 1 (at the or igin ) to the phosphorus 

atoms of molecule 2 . For a c en-trosyrnmetric cell, the 

endpoints of four of these "Fe1 to P2 " v e ctors should 

have the same spatlal configuration as the images of the 

four P
1 

atoms located about the origin . In order to 

identify these four endpoints , all possible vectors were 

calculated between the endpoints of the 14 most intense 

"Fe
1

-P 2 " vectors. The resulting vectors were then compared 

to the analogous vectors calculated between the images about 

the origin of the four P
1 

atoms. Eventually~ four end

points of "Fe
1

-P
2

" vec·tors were found which had the same 

localized spatial arrangement as the endpoints of the four 

Fe
1 

to P1 vectors and which were related to them by a center 

of syrrrrnetry. The Fe
1 

to Fe2 vector was then found by 

extrapolation. The image of the Fe
1 

to Fe
2 

vector appeared 

as a shoulder on a larger peak resulting from the super

position of Fe-P and P-P vectors. 
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The positio nal parameters of t he iron at om and the 

fou r phosphorus atoms derived from the Patterson map 7 

a long with the average isotropic tempera ture factor from 

the Wils on plot were used in a calculation of structure 

factors. The R a·t this stage was 0.52. Three successive 

calculations of structure factors interspersed with 

Fourier syntheses provided ·the positions of the remaining 

non-hydrogen atoms. With all of these atoms included in 

the input of the structure factor calculationp the R 

stood at 0.30. Adjustment o f the scale factor and refine

ment of t he positional parame~ers using a d ifference 

Fourier map reduced the R to 0. 24. A full-rna'crix least

squares r ef inernent of the positional parameters and their 

isotropic temperature factors yielded an R of 0.19. 

At this point in the refinement, the poor quality 

of the higher-angle data was realized. The full data set 

was not used during the final stages of refinement except 

for one instance in which it was used to investigate the 

nature of the errors at high values of 26 (see above). 

The remaining procedures were carried out using the re

duced data s e t of 3088 reflections (28 < 103°). 

Anis otropic thermal parameters were then introduced 

for all of the non-hydrogen atoms. This greatly increased 

the number of parameters to be refined , from 213 to 531. 

As a result , it was necessary to refine the parameters in 
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three successive oper~tions. Firstp t he positional para-

meters of the 53 non-hydrogen a toms were refined while the 

scale factor and anisotropic thermal parameters were held 

constant. Second ~ the t he:Lmal pararneters of 30 of the 

atoms plus the scale factor were refined with t h e pre-

viou sly refined positional parameters and the remaining 

thermal parameters being held constant. Third , the thermal 

parameters of the remaining atoms plus the scale factor 

(and any of the thermal parameters from the previous step 

which unden·rnnt large shifts) ·were refined with the pre-

vious ly refined positiona l parameters and therrnal para-

meters being held cons t ant. After one complete refinement 

operation, the R stood at OolS. 

The e t hy l and phenyl hydrogen a'coms were t hen added 

to the least-squares input a s fixed con tributions. They 

were positioned accord i ng to their known geometries with 

the carbon-hydrogen distance in the phenyl rings assumed 
0 

to be 0.9 A and the carbon-hyd rogen distance in the ethyl 

group assumed to be 1.09 ~. The methyl group hydrogen 

atoms were staggered with respect to the oxygen atom. 

Ea ch hydrogen atom was assigned an isotropic temperature 
? 

factor 1 ?.~ greater than the final isotropic value calcu-

la'ced for the carbon to which it was bonded. Following 

the inclusion of t he phenyl and ethyl hydrogen atoms and 

t he completion of 3 complete cycles of least-squa res 
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refinement, the R was reduced to 0.092. 

A difference Fourier rnap was then calculated in an 

attempt to determine t h e positions of the hydrogen atoms 

coordinated to the iron atom. The most prominent features 

- o3 
of the map were 'cwo peaks~ of height 0.67 and 0.49 e /A , 

in t he regions expected for the hydrogen atoms. Four 

-;03 other peaks on the wap exceeded 0.40 e A ; these were 

associated with remote ethoxy and phenyl carbon atoms 

which displayed particularly high anisotropic thermal pararn-

eters. A second difference Fourier map was calculated 

(47), limiting the data to those reflections having 

sin e I)... less than 0.346 (28 < 77°). The cwo peaks near 

the iron a t:o!Tl ·we re aga i n the most proi.T1inent of the rnap, 

- o3 
a.t O. l:-1 and 0.29 e /A , but t h e n ex'c highest peaks of this 

ma p did no 'c correspond to those of the previous rnap. The 

two peaks were the largest in volume as well as intensity 

in both of the maps, leading to the conclusion that they 

indeed represented the ligand hydrogen atom peaks. 

The coordinates of the two hydrogens were included 

in the last two cycles of the least-squares refinement; 

each atom was assigned an isotropic thermal parameter of 

4 ~ 2 • The R value from the final structure factor calcu-

lated was 0.091; the goodness of fit for the final refine-

ment: was 3.26. The highest peak on the final difference 
" - 0..) 

Fourier map was 0.47 e / A • The rather high R value at 



the end of the refinement can be traced to two possible 

sources of error. The slow decomposition of the crystal 

night be considered as one source, although the s caling 

procedure used should minimize this problem. The more 

important problem was t:h.at of the noise in the 2 8 

scanning mechanism, which undoubtedly caused some very 

large errors in the intensities of high-angle and weak 

reflections. After the refine:ment was complete, a struc-

ture factor calculat ion was rnade using only . those ref lee-

tions for which F > 20 (2320 reflections). The R obs 

value d e rived from thi s calcula tion was 0.059. Abs orption 

of x-rays due to the irregular shape of the crystal might 

also have introduced some e rror, bu·t an examination of the 

derived anisotropic therma l ellipsoids (see below) indi-

cates t:b.at the error introduced by absorption was small. 

A second collection of data in ord er to get better 

agreement between the observed and calculated structure 

factors was considered, but the structure has now been 

investigated by other workers (48). The agreement of 

parameters derived from the two separate determinations 

is quite g ood (49); a joint publication is presently 

in preparation. 
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Description of the Structure 

Th e structure of the crysta l consists o f dis c rete 

monomer ic unitsp t he closes t Fe-Fe dis tanc e be i ng 9.606(2)~. 

The int e ratomic distances and angles are p r esented in 

Ta bles 2 and 3. The standard devi a tions a re deriv ed from 

the s ta ndard cievia tions of the X 7 y, and z parameters of 

t he final least -s qua res r efinement. The root - mean-square 

amplitudes of vibration of the thermal ellipsoids are given 

in Table i~. Tables o f structu re f a ctors, positional and 

anisotro pic thermal parameters , and the derived pa rameters 

for the phenyl and ethyl hyd ro gen at oms are g iven in 

Append ix 1. The inner coordination of the iron atom is 

shown in Figure 2. The configu ration is that of a distorted 

t e trahedro n o f phosphorus at oms with the hydrogen atoms 

occupying two of t he tetrahedral fa c es. The two phos-

phorus a toms common to both of tb.c;se faces f orr,1 a P-Fe-P 

angle of 136.6(1)
0

, a distortion of 27° from the normal 

tetrahedral angle. 

0 
The avera g e Fe-P bond distance o f 2.1 38(3 ) A compares 
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T.n~;le 2 . Inte::catomic Di~tances . in H2Fe( (C 6H5 )P (OC 2H5 )z)4 
(in An.g s -crorns) 

FE - FE 9.606 ( 2 } (4 - C5 1.361 ( 1 7 } 
FE - Pl Z.1 3Z ( 3) C5 - C6 1.3 85 ( 18 } 
FE - PZ Z.1 27 ( z) C6 - Cl 1.3 65 ( 14) 
FE - P3 Z.146 ( 3) PZ - 03 l.61 8 ( 5 ) 
FE - P4 Z.147 ( 3) 03 - Cl7 1.404 ( 11 ) 
FE - Hl 1. 43 5 ( 59} Cl7 - Cl 8 1.495 ( 13) 
FE - Hl 1.457 (-- } ':' PZ - 04 1.61 8 ( 7) 
FE - HZ l.56Z ( 73) 04 - Cl9 1.441 ( 11 } 
FE - HZ l.54Z (--) ':' Cl9 - CZO 1.403 ( 1 8 ) 
p 1 - PZ 3.957 ( 3) PZ - c 11 1.830 ( 9 ) 
Pl - P3 3.Z21 ( 3 } Cll - ClZ 1.360 ( 1 2 ) 
p 1 - P4 3.472 ( 4) Cl2 - Cl3 l.37Lr ( 14) 
Pl - Hl Z.Z48 ( 65) Cl3 - Cl4 1.353 ( 16) 
pl - Hl Z.093 ( -- ) ':' Cl4 - Cl5 1.348 ( 1 7) 
f> 1 - HZ Z.Z59 ( 58) Cl5 - Cl6 1.366 ( 1 7) 
Pl - HZ Z.328 (-- } ,:, Cl6 - c 11 1.3 92 ( 12) 
P2 - P3 3.462 ( 3) P3 - 05 1.621 ( 6 ) 
P2 - P4 3.260 ( 3} 05 - C27 l .. 439 ( 11 ) 
P2 - Hl 2 0 l 1 l ( 58) C27 - C28 1 . 45 l ( 14) 
P2 - Hl 2.zo2 ( -- } ':' P3 - 06 1. 619 ( 7) 
P2 - H2 Z .2 96 (70) 06 - CZ9 1 • .Lr Z 7 ( 10) 
P2 - H2 Z.175 (--} i:< CZ9 - (30 1.45 8 ( 16) 
P3 - P4 3 .3 43 ( 4) P3 - CZl 1. 841 ( 8 ) 

P3 - Hl 3.54Z ( 6Z) C21 - CZZ 1.37 8 ( 14) 
P3 - Hl 3.5 0 9 ( -- )* CZ2 - C23 1.376 ( 14) 
P3 - H2 2.51 8 ( 5 7) C23 - C24 1.329 ( 19) 
P3 - HZ 2.578 ( --) ;;< CZ4 - C25 1.347 ( 1 7) 
P4 - Hl 2.682 ( 66} C25 - C26 1.365 ( 13} 
P4 - Hl 2.865 (--) ':' C26 - C21 1.353 ( 15 ) 
P4 - H2 3.70 3 ( -( 4) P4 - 07 1.634 ( 5 ) 
P4 - H2 3.761 ( --} ':' Ln - C3 -r 1 .43 3 ( 12 ) 
Hl - HZ 1. 909 (1 04) C37 - C38 1. 468 ( 13) 
Hl - HZ 1. 6£10 ( -- ) ,:, P4 - 08 1.614 ( 6) 
p 1 - 01 1.614 ( 5 ) 08 - C39 1. 367 ( 10) 
01 - C7 1.41 8 ( 12) C39 - C40 1.401 ( 18) 
C7 - C8 1. 43 8 ( 15) P4 - C3 l 1.817 ( 9 ) 
Pl - oz 1. 63 1 ( 6 ) C3 l - C3 2 1.393 ( 12) 
02 - C9 1. 4 04 ( 15) C3 2 - C33 1.379 ( 14) 
C9 - ClO l.4Z3 ( 1 5 ) ( 3 3 - C34 1.356 ( 16) 
p 1 - Cl 1.807 ( 1 1 } C34 - C35 1.351 ( 17) 
Cl - CZ l. 3 73 ( 13) C35 - C36 l.37Z ( 15) 
C2 - C3 1.38 2 ( zo} C36 - C31 1.388 ( 14) 
C3 - C4 1.359 ( l 8 ) 

•k Derived from difference Fourier parameters. 
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Pl FE P2 136.6 1 ) 
p 1 FE P3 97.7 1) 

p 1 FE P4 108.4 ( 1) 
p 1 FE Hl 75.3 ( 26) 
Pl FE Hl 68.4 (--)':' 
p 1 FE H2 73.6 ( 2 1 ) 
Pl FE H2 76.8 (--)>:< 

P2 FE P3 108 .3 ( 1 ) 
P2 FE P4 99.4 ( 1) 
P2 FE Hl 69.6 ( 23) 
P2 FE Hl 73.2 (--) ,;, 
P2 FE H2 75.3 (23) 
P2 FE H2 70.7 (--) ,:, 
P3 FE P4 102.3 ( 1) 
P3 FE Hl 162.8 ( 31) 
P3 FE Hl 15 3. 4 ( -- ) >:< 

P3 FE H2 83.9 ( 22) 
P3 FE H2 87.1 ( -- ) ~" 

PL+ FE Hl 94.9 (30) 
P4 FE Hl 103. 6 (--)* 
P4 FE H2 172.9 ( 23) 
P4 FE H2 168.3 (--)>:< 

Hl FE HZ 79.0 (37) 
Hl FE H2 68.1 (--) ~" 

01 Pl 02 101.3 3) 
Cl Pl 02 94. 2 4) 
01 Pl Cl 100.7 4) 
Pl 01 C7 123. 6 6) 
01 Cf cs 109.9 9) 
p 1 02 C9 123.2 ( 6) 
() 2 C9 ClO 112.8 ( 11) 
Pl Cl C4 177.1 ( 5) 
Pl Cl C2 124.4 ( 8 ) 
pl Cl C6 119. 3 ( 8) 
C6 Cl C2 116.3 ( 10) 
Cl C2 C3 17-1.6 ( l 0 ) 
C2 C3 C4 120.5 ( 1 1 ) 
C3 C4 C5 119.4 ( 14) 
C4 C5 C6 119.1 ( 1 1 ) 
C5 C6 Cl 123.0 ( 10) 
03 P2 04 102.6 ( 3 ) 

";'( Derived f ro:rn difference Fourier parameters a 
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Tab l e 3. Continued 

03 PZ Cll 94.9 ( 3 ) 
04 P2 c 11 100.8 ( 4) 
P2 en Cl7 121.4 ( 5 ) 
03 Cl7 Cl R 110. 3 ( 8) 

P2 04 Cl9 122.4 ( 6) 
04 Cl 9 C20 112.7 { 8) 

P2 Cll Cl4 176.3 ( 6) 
P2 Cll Cl2 120.0 ( 7) 
P2 Cll Clo 123.5 ( 7) 
Cl2 Cll Cl6 116.5 ( 8 ) 
Cll Cl2 c 13 122.7 ( 9) 
Cl2 Cl3 Cl4 118.8 ( 9) 
c 13 Cl4 Cl5 120.9 ( 11) 
Cl.4 Cl5 Cl6 119. 9 ( 10) 
c 1 '.) (16 Cll 12 1 . 2 ( 9) 
[) •j P 3 ( )6 101 .2 { 3 ) 
!) ') P3 c;n 99.7 ( 3 ) 
06 P3 C;( 1 94. l ( 4) 
P3 Cl5 C27 123.0 ( 6) 

Cl 5 C27 CZR 111. 9 ( 9) 
P3 11 6 C29 ] 2 3 • It ( 6) 

116 c ?.9 c :3 () 10 9 . 9 ( H ) 

P3 C2l c?. 2 1 U 3. fl ( il ) 
fJ ] C21 C26 12 Lt •Lt ( 7) 
C22 C21 C26 116. R ( 8 ) 
C22 C2 3 C24 121.2 ( 10) 
C23 C24 C25 l u~ .1 ( 10) 
c z1., c ?5 C26 122.0 ( 1?) 
C2 '5 c? () C?l 1 2 0.9 ( l () ) 
Cl 7 p It Cl B 99. -1 ( 3 ) 
U7 p Lt C31 98 .. 8 ( 3 ) 
08 P4 C31 95. 7 ( 4) 
P4 07 C37 122.6 ( 5 ) 
07 C37 C3 8 109.8 ( 9) 
P4 OH C39 129 . 1 ( 7 ) 
08 C39 C40 115. 9 ( 10) 
P4 C31 C3 2 120.8 ( 7) 
P4 C31 C36 123.4 ( 6 ) 
C32 C31 C36 115.8 ( 8) 

P4 C31 C34 178.4 ( 5) 
C3 l C32 C33 122.2 ( 9 ) 
C32 C33 C34 119 . 3 ( 9) 
C33 C34 C3 5 120 . 6 ( 11) 
C34 C35 C36 120.2 ( l ll 
C35 C36 C3 l 121 . 8 ( 9) 
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Figure 2. Inner Coordination Sphere of the Iron Atom in 
H2Fe((C6H5)P(OC2H5)2)4 

a = 
b = 
c = 

136. 6 (1 ) 
0 

79 (4 ) 

102&3(1) 



Table 4 . Root-Mean-Square Amp litudes of Vibration of the 
Thermal Ellipsoids of HzFe((C6H5)P(OC2H5)2)4 

(in Angstroms) 

FE 0.16765 0.18817 0.21571 
pl 0.19190 0.21779 0.22488 
P2 0.17951 0.20767 0.22315 
P3 0.18247 0.19685 0.21942 
P4 0.19532 0.20379 0.21317 
01 0.17285 0.23074 0.29493 
02 0.185 0 2 0.25206 0.33072 
03 0.171 8 8 0 .. 244 tl 5 0.25967 
O<r 0.1574 5 0.2 0 900 0.28224 
0 5 0.2 0 1 1 0 0.20352 0.23504 
06 0.154 0 9 0.20957 0.27831 
07 0.16379 0 .. 20 88 7 0 . 26935 
0 8 0 .1 6116 0 . 22746 0.3 1908 
Cl 0. 17934 0.23412 0.26076 
CZ 0.22234 0.25905 0.33649 
C3 0.21 8 28 0.32496 0.37258 
C4 0.17836 0 .. 29745 0.38664 
C5 0.25628 0.28902 0.32387 
C6 0.16858 0.28785 0.32844 
C7 0.23509 0.29244 0.32961 
(8 0.22386 0.36670 0.39598 
(9 0.23077 0.30085 0.40880 
ClO 0.23469 0.35353 0.50130 
Cll 0.19483 0.20539 0 .. 26228 
Cl2 0.1 8 036 0.24918 0.29758 
Cl3 0 .. 22579 0.30912 0. 3 2 8 9.:'.r 
Cl4 0.17798 0.34154 0.39964 
Cl5 0.20410 0.35529 0.41377 
Cl6 0.18453 0.27884 0.36411 
Cl7 0.18163 0.25149 0.28666 
Cl8 0.22053 0 .. 27905 0.29327 
Cl9 0.15965 0.26229 0.41389 
C20 0.17908 0.32226 0.406T/ 
C21 0.17842 Ool8209 0 .. 24660 
C22 0.20685 0.22398 0.38262 
C23 0.18177 0.27566 0.'+2362 
C24 0.20751 0.28607 0.38641 
C25 0.16742 0.29878 0.39309 
C26 0.17988 0.23482 0.34878 
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Table 4. Continued 

C27 0.1964 5 0. 271 69 0 . 320 11 
C28 0.2275 8 0 o 25Lr69 0.30278 
C29 0 .2 06f-l4 0 • 2Lr') 7 3 0 .33374 
[30 0 .185 37 0 .2 8 039 0.35661 
C31 0. 1 5165 0.20176 o.2L,593 
C3 2 0.21.039 0.22417 0.2 7 69 7 
c 33 0.21301 0.25302 0.34712 
C34 0.20064 0.22640 o.~1586 

C35 0.20 879 0.25074 0.38119 
C3 6 0.20653 0.25302 0.29337 
C37 0.18 88 0 0.2 71 0 7 0.30180 
C3 8 0.1 8890 0.32353 0.39512 
C39 0.17203 0.27908 0.34373 
C40 0.22194 0.33876 0.39232 
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0 0 
with 2.23 A for C 5H5Fe( C5B5)CC(P (C6H5 )3~ (50,51)» 2.15 ~ 

- 0 for c5H5Fe (P(OC5H5) 3) 2I '52), and 2.2j A for Fe3 (co) 11 P-

( C5H5 )3 (51). Although t he e stima ted a c curacy of these 

lit e rature values WAS n ot r eported» it appears that the 

i r on- phosphorus bond is somewha t shorter for phosphit e 

liga nds t han it is for phos phines. Th is is consis tent 

with the expectatio n that t he inductive effects of the 

elec tronegative oxygens increa se the metal to phosphorus 

back donation, and thus s horten the Fe-P bond. The Fe-P 

bond distances trans to the hydride ligands a r e s light ly, 

though s ignif ica:r,t l y, longer than those ,,1hich a r e cis ; 

0 
the trans Fe - P distances are 2.132(3) and 2.1 27(2) A, 

wh.ile the c is bond d istances are 2.146(3) and 2 .1 4 7(3) 

Presumably, t h e longer bond d istanc es f or the trans 

ligands result from the strong t rans influence of the 

hydride ligand (2). 

The avera g e Fe-H bond length of 1. 499(6 6 ) ~ is not 

0 
A. 

significantly different from the metal - hydro gen distances 
0 

r eported f or I-m.h(CO)(P(C6H5 ) 3 ) 3 1.6(1 ) A (x-ray) (47) 1 

0 
HCo( N2 )(P(C6I-I5 ) 3 ) 3 1.6(1) A ( x -ray ) (Sti- ) 1 and I-Ihn (C0)

5 

1.601(16) R (neutron d iffraction) (26). It should be 

noted that x -ray diff r a ction depend s upon scattering by 

electrons and that the positions of maximum electron den-

sity are generally ass-urned to be the positions o f the 

corresponding nuclei. In the c a se of the electron-poor 
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hydrogen a tom , es pec ia 1 ly 1vhen it is bonded to a much 

heavier atom, the indicated elec·tron density maximum does 

not ne c essarily coin cide with the proton position. For 

this r eason, it is doubtful t hc:.. t an x-ray determined iron

hydrogen bond distance can be accurate to more than 0.1 J?.. 
/ 1• more reasonable value of the Fe-H bond distance would 

then be 1.5(1) R, in a greement with the corre cted Fe-H 

distance d erived from the broad-line p.m.r. spectrum of 

The struc'cures of the ligand has been determined pre-

Table 5 compares average bond d ista nces for the ligand 

derived from the crys tal structures of t he ni c ke l compl ex 

jtiSt ment i oned, the present iron complex, and a coba lt 

c omplex r eport ed below. 

Clearly, the carbon -carbon distarc e s are unrealistic, 

especially in the c ase of the ethoxy groups . The shortened 

distances are probably the result of partial disordering in 

the ethoxy and phenyl groups (55). As might be expected, 

the average of the r elat ively rigid phenyl carbon-carbon 

distances is only 0.02 R shorter than the usual 1.39 £, 
while the average of the less restricted ethoxy carbon

o 
carbon distances is 0.10 A shorter than the usually quoted 

L54 f( value. 

If all P-0 distanc es are assumed to be equivalent, 
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Table 5. Average Bond Distances in Coordinated 
c6HsP(OC2HS)2 

Bon d Ni(CN)2L3'" H2FeLl:. HCoL4_ 

0 0 0 
P-0 1. 58 A 1. 62 A 1. 63 A 

P-C l. 79 1. 82 1. 83 

0-C i. l :.s 1. l+2 1.42 

ethyl C-C 1 . l}3 1 1 L',L4 1.41 

phenyl C-C 1. 37 1. 37 

--;'~ from Ref. SS 
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the standa r d devia tion from the mean is found to be 

Or 0 
O. 1LO A . This is 3 to 4 times tho standard d e viations 

der ive d from the lea s t- squares refinement. Similarly, if 

all P-C distances are assumed equal j the standard deviation 

from the rnean is 0.026 ~' about 3 times the values derived 

from the least-squares. Thus 1 the standard ., • -0-. aevia l.. l.ons 

reported for these bond s in Ta ble 2 are underestimated 

by a factor o f app roximately 4, p robab ly as a result o f 

some d:i.sorcJG r in the carbon <:ind oxygen atom posi tions. 

Similar behavior is display 0 d by the carbon atoms of 

A stereoscopic view of the H2FeL.6, molecule is giv en 

in Figure 3. At oms P3 , P4 ~ Fe, Hl, and H2 are r oughly 

planar 1 the maximum deviation from the leas'c-squares 

plane being 0.05 £. The atomi c deviations from this least-

squares plane, as well a s those of the four phenyl rin g s , 

are given in Table 6. As ca n be seen from the Figure 7 

the c onfiguration of the four phosphorus atoms about the 

iron atom is nearly tetrahedral. The deviations fr om the 

0 
normal tetrahed ral ang le vary from 1 to 27 • (In the iso-

h ,... ' . . . ' . l 15° t e range or aeviations is reoucea to to • The 

corresponding nickel complex, Ni((C6H5 )P(OC2H5 ) 2 )4, i s 

very probably tetrahedral 1 although twinning problems have 

prevented any direct confirrri.a tion by x-ray diffract i on. ) 
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Table 6. Deviat i ons from Least-Squares Planes in 
H2Fe( 1 C6H5)P(OC2H5)2 )4 

(in Angstroms) 

EOUATORIAL PLANE 

ATOM DEVIATION 

FE 0.0114 
P3 O.OZ51 
P4 -.OZ 88 
Hl 0.04Z9 
HZ -.0506 

RING 1 RING z 

ATOM DEVIATIO N ATOM DEVIATION 

Cl -.0009 Cll -.0119 
CZ -. 0017 Cl2 0.0097 
C3 0.0025 Cl3 -.0029 
C4 -.000 8 Cl4 -.0015 
C5 -.001 8 Cl5 -.0012 
C6 0.0026 Cl6 0.0077 

RING 3 RING 4 

ATOM DEVIATION ATOM DEVIATION 

C21 O.OOZ6 C3 l -.0067 
C22 -.0031 C3Z - • 004 2 
C23 0.0049 C33 0.0047 
C24 -.0062 C34 0.0058 
C25 0.005 8 C35 -.0170 
C26 -.0040 C36 0.0174 
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The hydrogen at oms occupy two fa c es of t he tetrahedral 

0 
skeleton, dis t arting the co:r;unon Pl-Fe-P2 ang le to 136. 6 (1) • 

Alterna tively, the configuration of the complex could 

be considered a s a h i ghly distorted octahedron. In view 

of the general t endency toward tetrahedral coordination 

of the non-hydrogen ligands in complexes of t his type, 

the tetra hedral ske l eton provides the more realistic model. 

From the root-mean-square amplitudes of vibration of 

the t her ma l ellipsoids (Table L~ ) and the stereoscopic 

drawi ng of the mo lecule (Figure 3), it can be seen that 

the ther~al ellipsoids are greatest f or ca r bo n a toms f a r 

re~oved fr om the iron atorn o Again it appears likely that 

many o f these atoms suffer at least partial ly f rom disorde:c; 

The absence of any correct i on for abs orption casts some 

doubt on the values derived f or the thermal parameters. 

However , compa rison of t he v ibrat i on s of this molecule 

with those of the v ery similar HCo((c6H5 )P(oc 2H5 ) 2 ) 4 mole

cule (s ee be low) , shows tha t the directions o f the vibra-

tions , if not the :magnitudes, are near ly identical. The 

crystal sizes and shapes f or the two det ermina tions were 

quite different and would be expected to yield different 

direc tions for the thermal vibrations i f absorption was 

a ma jor problem. The similarity o f t he therma l vibrations 

in the t wo structures can then be taken as an indication 

that a bs orption was only of minor importance. 
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A stereoscopic drawing of the unit cell is given 

in Figure 4 . Be ca us e of the large dista n ce between 

mole cules and t he bulk of the phosphonite ligands, 

there is n o apparent intermolecular interaction between 

hydride ligands. Suc h an inter a c tion has been suggested 

for HMn(Co) 5 (26) . 



Figure 4. 
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Stereoscopic Drawing of the Unit Cell of 
H2Fe((C6H5)P(OC2H5 ) z ) 4 

a 

b~c 
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DISCUSSION OF THE SPECTRAL PROPERTIES OF 

As t he x -ray structure determination was drawing t o 

a close, a paper reporting the n.m.r. spectrum of 

of the p per observed the same basic features in the 

spect rum that we he.d otscrved ear li er~ although the 

chemical shifts r eported differ from our values by about 

0.5 ppm. (1<ore rs c ent dGteri:nina tions in our laboratory 

are in much better agrecraent with the reported values.) 

0 In the spectrum at -50 C1 the trip l et o f doublets 

( r = 22. 93) was assigned to a cis configuration, and the 

symmetric quintet ( -r = 20. 55) to a trans isomer. The 

3 lp . . h h . . b spe ctrum was consis·cent -vnt t .. e cis assignment, ut 

a definitive resonanc e for the " 'crans" isomer could not 

be detected, presumably bec ause of line b roadening effects. 

A broad , featureless rise in the base line wa s assi3ned to 

the "trans" isomer. 

In view of the n . m.r. evidenc e presented, and the 
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k~o~m cis configuration of the molecule i n the solid state, 

the ass i gnment o f the triplet of doublets to a cis isomer 

is probably correct (57) . The assignment of the symmetric 

quintet to a trans isome r is more difficult to evaluate. 

Clearly t he five line spectrum observed implies that the 

phosphorus atoms are equivalent, and an octahedral trans 

isomer obviously should lead to such a situation. In the 

present case, however, soma assumptions have to ba made in 

view of the steric difficulties in having four phos phonite 

ligands in the same plane. The authors concluded that the 

four phosphoru s ligands in the "trans " isomer we re under-

g oing rapid intramolecular exchange. 

As mentioned in the introduction~ there appears to be 

an additional means of differentiating cis and trans 

dihydride isomers, namely the infrared spectrum in the 

metal-hydrogen stre tching regi on . Table 7 gives the 

reported values of v (M-H) for dihydride complexes con-

taining phosphorus ligand s. The absorptions listed for 

compounds l through VIII are gener a lly very intense and 

sha rp. As an example, the peak at 1642 cm-l in compound 

III is one of the strongest bands in t he spectrum, almost 

equal in intensity to t he very strong P-0-C absorption at 

1030 
-1 

cm The Raman sp e ctrum di splays a strong band at 

-1 
1886 cm (40). It is unusual for the syrrmetric stretch 

to be observed at a higher energy than t h e asymm6tric 
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Tab le 7 . Metal -Hy~rogen Stre tching Frequencies f or 
Comp l ex Meta l Dihydrides 

I 

II 

II I 

IV 

'.T 

VI 

VII 

VI II 

IX 

x 

XI 

XI I. 

XIII 

XIV 

Compound 

HzRu(C2H4(PEtz)2)2 

H2Ru (o-C6H4(PEtz)2 )2 

H2Ru(C ~H~P (OEt) 7 ) ~ 
u ...) - ' 

H2Pt(PEt.,) ? 
.) -

H20s (Ph?P CHnP~hn)2 
~ L L. 

H2os(C 2H4 (PEt 2) 2)2 

H2Fe(o-C0H4 (PEt 2 ) 2 ) 2 

H2Ru((c6H5) 2PcH3) 4 

HzFe (PF3)4 

H2Fe(C6H5P(OEt) 2 ) 4 

HzlrCl(C5H5PEt2)3 

H2IrCl(PPh3 ) 3 

H2PtC1 2(PEt 3 ) 2 

* in benzene solution 

v (H- H) 

1615 

1617* 

16,:';.3 

1670 

1712 

1720* 

1721 

cm 

1726 

1940,1885 

1935 

1973 

2162,20 26 

2215~2110 

-1 

225li-, 2265
5

h 

59 

59 

40 

60,61 

62 

59 

59 

28,30 ,31 

57 

3 

21 

63,64 

65 
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stret c h, but s i mila r relationships hav e b e e n observed in 

cases involvin~ carbonyls. Suc h a re lationship implies 

t ha t as t he bond streng t h o f one :!-1 - H bond increases, the 

strength of the othe r decrea s e s? in a greement with the 

b ehavior expected from conside ration of the tra ns influence 

of the hydride ligand (58). The bands reported for com-

pounds IX through XIV are only weak to medium in intensity. 

In some cas e s~ two band s a r e o bserved; for others , only 

one broad ba nd is detect ed. The se o bservations are consis-

t en'c with the belief 'cha t i n compouncl s .1 through VI II the 

hyd ride l igands have a t::::-ar..s conf iguration ~ and in com-

pound s IX t h rough XIV a c is configu ra tion. The x-ray 

t 1 - . d . . D d . .r- d " l . . crys a s~rucLure es cri · e · a oove Lor compoun . :::__ is in 

agreement with the ci s structure predicted from the metal-

hydrogen stretching fr equency. 

It should be noted that at present structural data 

are available for only one o f the t ran s dihydride complexes, 

compound III. Pre limi nary r e sults i nd icate that the 

complex is indeed trans . The P-Ru -P a n g ie is approximately 
0 0 

160 , indicating only a 20 distortion from the regular 

octahedral geometry (49). 

An interesting aspect of the infra red study of com-

pound I II is that in the spe ctrum of a solution of III 
-1 

(in methylcyclohexane) the in·tense band at 1643 cm is 

-1 
absent, and a very broad 9 weak band is observed at 1895cm 
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( 40). This implies that the tra ns isomer ha s rearranged 

in solution t o form a spe cie s in whi ch there i s no longer 

a strong tr2 ns interaction between t he hydride ligands. 

Such a rearrangement is apparently no'c uni versa 1 f or this 

type of complex, since strong~ l ow energy metal hydride 

absorptions have been obs erved for both II and VI in 

benzene solution . The n.rn.r . spectrum of H2Ru(( c6H5)P

(oc 2H5 )2)4 reportedly shows the presenc e o f cis and trans 

isomers in solution (4 8 ) ; no details were given. 

X in Ta b le 7, displays a n i n frared spe ctrum which is 

markedly different from that of its ruthenium analo g 

(see Figure 5). Dy c omparison wi·th 'che spectrum of the 

dideut eride complex, it is possible to assign the rather 

- 1 
broad band a t 1973 c m to the iron-hydrog en stretching 

mode . In the Raman spectrum a band of similar shape and 

- 1 
intensity is observed at 1978 cm - . The v(M-D ) absorp-

tion could only be detect ed as a broadening of a ligand 

-1 
C-C band at 1434 cm Although the intens ities and shapes 

of s everal bands were al t ered on conversion o f the hydride 

to the deuteride, it was not possible to is o late the 

P-Fe-H bending mode. Because of the l ow symmetry of the 

molecule, extensive mixing o f the bending modes is expected. 

The spectra of t he complex in solution are quite 

different (compare Figures 6 and 7) . 0 0 
At 290 K(l7 C) only 
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I L = Ph P(OEt )2 

cm -1 2000 1800 1600 
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cm 
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!35°K 

2000 1800 

Figure 6. Low-Temperature Infrared Spectrum of 
HzFe((C5H5)P ' OCzH5 )z)4 

1600 



295°K 

222°K 

l9 0° K 

120°K 

-1 
cm 

72 

2000 1800 1600 
Figure 7. Low-Temperature Infrared Spectrum of 

D2Fe ((C6H5)P (oc2H5)2)4 
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-1 
a small p eak (192 9 cm ) can ~e assigned to metal - hyd rogen 

stretching. As the t emperatu r e is reduced to 213°K( -50°c) 
-1 

this band shifts to 1919 c rn and an additional band 
-1 

appea rs at 1218 cm This temperature corresponds approx-

im:itely to the low temperature limit of the n.m.r. data. 

As the teLlperature is reduced even furtherp a third peak 
-1 

app ea rs at about 1965 cm In the two higher energy peak~ 

sorr.e fine s tructure is seen~ most o f which i s probab ly due 

to enhanc ement of under lying ligand mod es which are mixed 

with the hydride modes (compare with low temperature 

spectrum of the deuterated speciesp Figure 7)o 

Assuming that the assignillen'c of the low t emperature 

n.m.r. signals are correct, the three bands observed 

should corresoond to cis and trans isomers. 
k --

Since two 

bands are expected for the cis isomerp and since the cis 

isomer is expected to absorb at higher energies than the 

1919 ' 106- -1 t rans isornerj the bands at ana 7 ) cm can be 

assigned to t he c is species. This leaves the lower energy 

band (1 8 18 cm-l) ava ilab le for a "trans" assignmentp in 

agreement with the expected lower energy abs orption for a 

trans species. If this is the cases however, the trans 

influence of the hydr ides upon one another must be reduced 

considerablyp since 1818 cm-l is still higher in energy 
-1 

than the usual 1600 - 1750 cm obs erved for tra ns species. 

Although the assignment of bands in this case is not 
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unambiguous 1 two important observations can be made con-

cerning the nature of the species in solution. Firstp no 
-1 

changes are observed in the spectrum below 1750 cm 

If a true trans isomer were present, a narrow low-energy 

bano woulci be expected in this region. Although some 
-1 

minor changes occur in the broad band at 1664 cm , these 

are not observed until about 170°KP far below the temper-

ature at which the "trans" quintet is observed in the 

n.m.r.. Second ~ none of the bands observed at any of the 

temperatures has the intensity expected for a trans isomer. 

The n.m.r. spectrum indicates nearly equal population of 

the cis and "trans" states at 0 -50 c ~ and yet in the infrared 

spectrum at 213°K (-60°C) no band clearly dominates the 

spectrum. In factp if one uses as standards the relative 

-1 
intensities of the phenyl C-C bands at 1589 and 1572 cm 

in both the solid (Figure 3) and solution (Figure 4) 

spectrap it is seen that the v(M-H) bands in solution are 

even weaker than the weak to rned ium metal-hydrogen stretch 

obs erved for the solid. 

The infrared data indicate, then, that there is no 

trans isomer in solution at low temperature. To be more 

specific, there is no trans isomer having the two hydride 
0 

ligands positioned at or near 180 from one another . It 

is possible, however, to describe two isomeric species 

which cou ld produce the observed spectra. 
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The crystal structures of H2Fe((C6H5 )P(OC 2H5 ) 2)4 and 

HCo((c6H5 )P(OC2H5 ) 2)4 and much of the data available for 

similar complexes favor a tetrahedral arrangement for the 

phosphorus atoms about the metal atoms. Although it is 

traditional to discuss the rearrangement of six-coordinate 

species on the basis of octahedral symmetry, such a con

figurationp even if considered in a distorted form, is of 

little value in the present case. A tetrahedral phosphorus 

skeleton gives a fairly accurate representation of the 

true structure of the molecule. In the following discus

sion this configuration is used as a basis for the examina

tion of possible hydride positions. 

In order to place t wo hydrogens in the framework of 

the tetrahedron, there are five possible pairs of positions 

to consider (see Figure 8)z A) two adjacent faces~ 

B) two adjacent edges, C) two non-adja cent edges, D) a face 

and an adjacent edge~ and E) a face and a non-adjacent 

edge. A and B both are cis type isomersp and since the 

crystal structure shows the complex is a distorted form of 

A 1 it is probably the A species which produces the triplet 

of doublets in the low temperature n.m.r. C represents 

the trans type isomer which has been proposed (29) to 

explain the n.m.r. spectra, but which is not consistent 

with the infrared data. D is not expected to be a realistic 

alternative because of the large nonbonded repulsion 
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A B 

c D 

E 

Figure 8 . Possible Locations for Two Hydrogen Ligands in 
a Tetrahedral Phosphorus Skeleton 
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between hydride ligands. The E spec ies remains as a 

possible trans-type isomer in solution. 

A structure o f the E type is in better agreement 

with the spe ctral data than the C type. The H-Fe-H angle 

. 0 
in such a molecule would be approximately 125 • Even 

allowing for an expected 10 - 20° distortion from the 

regular symmetryp this angle is significantly less than 

180°, and the Fe-H stretching absorption thus is not 

expected to be signific ant ly more intense than that of a 

c i s isomer. The trans influence o f t he hydride ligands 

with r espec t to one another should decrease with the 

H-Fe-H angle, and the Fe-H stretching frequency is not 

-1 
expected to be found in the l ow energy (1600 - 1750 cm ) 

r egion. Rapid rearrangement of t he hydrides from face to 

edge and edge to face about 'che tetrahedron of phosphorus 

atoms would produce an apparent equivalence of the phos-

phorus atoms and lead to a quintet in the high field 

p . m.r. spectrum. The rea rrangements of the phosphorus 

atoms during this process are much s maller than those 

required to produce the same effect in the C spec i es. 

(In f actp the r earrangements necessary for the hydrogen 

to "see" four apparently equiva lent phosphorus a'coms in 

the C species are even greater than the rearrangement 

required to convert the C species to the A species . ) 

It should be emphasized that although the two species 
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in solution resemble type s A and E in form ~ the distortion 

of the iron-phosphorus skeleton from r e gular tetrahedral 

symmetry is und oubtedly s ignificant. The form of the A 

species in solution is probab l y s i milar to the structure 
0 

found for the solidp with a n H-Fe -H ang le of 80 - 100 
0 

(as opposed to 109 for the u ndistorted case). The struc-

ture of the E species is difficult to predict 1 although 

in the n.m.r. spectrum its resonance is observed at a 

lower field , indicat i ng that the metal-hydrogen distance 

is longer than in the A form ( 66 ). This may be the result 

o f trans i nflu enc e effect s ~ whic h are exp ecte d to i ncrease 

wi t h the H-Fe- H angle. I t might a l so be due to t h e higher 

degr ee of c r owd ing i n the edge position , wh ich could be 

de crea s ed by a l on g e r Fe~H b ond. In v iew o f t h is ? it 

seems lik e l y tha t the H-Fe- H angle lies somewhere between 
0 0 

125 and 145 • The maximum deviation of the P-Fe-P angle 

0 r.80 from 109 is likely to be a b out 25 - l for both species. 

The relatively high energy required to rearrange the phos-

phorus atoms from the distorted A form to the disto:r:ted E 

form and vice versa leads to a n increase in the lifetime 

of each state until at -50°c both states can be observed 

i n the n.m.r. spectrumg Distortions of the phosphorus 

atom skeleton which accompa ny the hydrogen atom rearrange-

ment within the E f orm are a pparen tly less difficult and 

an averaged spectrum is observed for this species, even 

at low temperature . 
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I t is interesting to specula t e on the nature of species 

ii extensive (20 - 30°) distortions of t he phosph orus atom 

skeleton were not possible . In such instances ~ the edge 

positions become energetically unfavorable~ since posi-

tioning of a ligand in an edge position implies a rather 
0 

larg e distortion (20 - 25 in this case) of the P-Fe-P 

angle. A ligand in a facial position requires distortions 
0 

of only 5 - 15 • We would expect that species of an A 

type would predominate 9 since all other possibilities 

require the participation of at least one edge position. 

In recent work, low temperature n.m.r. spectra were invest-

igated for fourteen H2ML4 complexes (where M = Fe or Ru, 

and L = various phosphines and phosphites) (48). Only 

the complexes of (C6H5 )P(OC2H5 ) indicated the presence of 

any "trans'' (E) species at low temperatures; the other 

complexes displayed the c is (A) spectrum exclusively. 

An examination of Table 6 shows that of the eight 

complexes which appear to have a trans (C) configuration, 

only III and IV do not contain bidentate phosphorus 

ligands. Since IV cannot have a tetrahedral .skeleton of 

phosphorus atoms, III remains as the only compound of this 

type not containing bidentate ligands. Any tetrahedral 

skeleton formed by two chelating phosphorus ligands will 

have two edges which cannot be distorted to allow hydride 

occupation s Howeveri because of the reduced bulk of a 
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bidentate ligand compared to 2 similar monodentate ligands, 

t h e remaining f our edge positions are relatively easy to 

"open up" for a hydride ligand . Also~ mo lecular models of 

bidentate ligand structures indicate that both square

planar and tetrahedral arrangements of the phosphorus 

atoms are sterically unfavorab le. An intermediate struc

ture, which in effect results in the opening of two edge 

position s l seems more favorable. This may account for the 

predominance of bidentate ligands in the complexes whi ch · 

appear to have trans ( C) configura tions. The presence of 

chelating ligand s will also be expected to reduce the 

number of possible rearrangement s in this type of complex1 

unfortunately., no low temperature n.m .. r. or i r 0 work has 

been reported for the complexes containing chelating 

ligands, The ability of (( c6H5 )P(oc2H5 ) 2 to produce a 

trans (C ) comp lex (I ll ) is again probably due to its 

ability to distor'c from a regular tetrahedral configuration 

about the metal atom, 

Thus , it appears that H2Fe((C6H5)P(oc2H5 )
2

) 4 , having 

a cis-like structure in the solid state , forms two isomers 

in solution, one similar to the solid state structure, and 

the other resembling a d i storted "trans" species in which 

the hydrides occupy a face and non-adjacent edge of a dis

torted tetrahedron of phosph orus atomsa Although the 

infrared spectra indicate that several dihydride complexes 
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have the trans (C) structure in the solid statep no 

n.m.r. spectra have been observed for a C species in 

solution. 
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SECT ION III 

HYDRIDOTETRAKIS(DIETHYLPHENYLPHOSPHONITE)COBALT(l ) 
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INTRODUCTION 

The first complex cobalt metal hydride, HCo( CO)!.i , was 
' 

reported a few years aft e r the preparation of its iron 

ana l og (9 , 67). Its prop erties are gen era lly quite similar 

to those of the iron complex. It is a therrrally unstable 

0 
liquid which decomposes at -20 C (68 ) . The dissociation 

constant for HCo(Co) 4 has been found to be about 1, indi

cating that the complex acts as a very strong acid (69). 

As in the case of the iron compound, the structure is 

uncertain , but the results of the electron diffraction 

experiments (24 ) imply that the carbonyls are disposed 

tetrahedrally about the cobalt atom ii suggesting that the 

hydrogen probab_ly occupies one of the faces of the tetra

hedron. 

It was not until 1963 that the first complex cobalt 

hydride conta ining phosphorus ligands, HCo(Ph
2

Pc 2H4 PPhz)2 , 

was reported (70) s The red crystals are thermally stable 

(dee • . 280°C), but darken after a few hours exposure to air. 

On the basis of the dipole moment ( 3.50 D) and isomorphi sm 
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with the is o lectronic nic ke l complex~ the comp ound is 

believ ed to ha v e the same tet rah edra l struct ure proposed 

for the carbonyl complex (7 1 ). No h igh-field p . m. r. 

spectrwn could be observed , presumably because of the low 

solubility of the complex. 

The trifluorophosphi ne analog of this series, 

HCo(PF3 ) 4 , was reported in 1965 (72). The properties of 

the PF3 complex closely resemble those of the carbonyl 

hydride. The complex is a yellowish liquid with strong 

acidic character. Unlike t h e carbonyl . complex~ however, 

the PF3 derivative is therma lly stable (dee. 250°C) (3 ). 

The n.m.r. spectrum displays a single broad signal at high 

. 0 
field which is unchanged even at -80 C. A recent low 

temperature x-ray inve stiga tion of this complex shows the 

phosphorus atom configuration is very nearly tetrahedral 

(deviations of t h e P-Fe-P angles from 109.5° vary from 

0 
0.2 to 8.5 ). The hydrogen atom was not located (73). 

Kruse and Atalla (38) have reported the synthesis and 

spectral properties of a phosphite analogp HCo(P(OEt ) 3 )4. 

The complex is moderate l y s 'cable toward oxygen in the solid 

state 1 and is oxidized rapidly in solution. A quintet 

( T 25.8) is observed in the high-field p.m.r. spectrum; 

it remains unchanged even when spectra are obtained at 
0 

-58 C. Because of this appare nt lack of temperature de-

pendence~ the a uthors con c lud e d t hat the structure of the 
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complex mus t be squar2 - pyramical. 

Triarylphosphit e complexes 1 HCo(P(OAr)) 4 ~ have also 

been reported (74) ~ with Ar = Php m-MeC6H4~ p-MeC6H4P and 

p-CLC6H4 • The cornpla:rns form pale yellm.vp hexagonal 

plat elets which are stab le to air for several we0ks~ The 

n.m.r. spectra of these complexes display the same fea

tures observed for the triethylphosphite compound. No 

change in the quintet resonance was observed over a tem

perature range of +30 to -40°c. Isomorphism (x-ray powder 

photographs) with the corresponding tetrakistriarylphos

phite nickel complexes led tho authors to suggest that 

there was not yet enough evidenc e to eliminate the possi-

bility of a non-rigid structure in solution u It was con-

cludec that the cor::.plex2s in the solid state probably r...ave 

a trigonal b ipyrami dal skeleton~ with the phosphorus 

atoms distorted toward a tetrahedral arrangement. 

The subject of the present studyp HCo((c6 H5 )P(OC2H5 )z4, 
is similar in many respe cts to the trialkyl-and triaryl

phosphite cor::plexes. The compound crystallizes as well

formed yellow-orange c rys'cals which are stable to the 

atmosphere for several days. The crystals are similar in 

habit to those of the corresponding iron complex, although 

an increased elongation along the b axis gives them a more 

needle-like appearance . The n.m.r. spectrum (Figure 9) 

shows a quintet ( T 24.3~ J = 21.5 cps)g which eventually 
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.A 
: \ 

Figure 9. High-Field P.m.r. Spectrum of 
. HCo( (C6H5 )P (OCzH5)z)4 

25°C 

-60°C 
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coalesces to a broad sing let (band width 250 cpsp T 22.5) 

0 
at lm·1 ternperature (-50 C) . Because of the structural 

questions which had arisen concerning this series of com-

pounds, an x-ray structure determination was undertaken. 
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Collection and Treatment of Data 

As in the case of the corresponding iron complex, 

several recrystallizations were necessary to obtain 

crystals small enough for x-ray investigation. Mounting 

of the crystals was carried out in the manner described 

above. 

Initial Weissenberg photographs were remarkably 

similar to those of the iron complexQ Photographs of both 

complexes could be superimposed upon one another with very 

little detectable difference~ indicating that the struc

tures of the two complexes were nearly identicale Instead 

of determining c ell constants by the photographic method, 

the cell constants of the iron ccmplex were used for 

orienting the crystal on the diffractometer o The a and c 

axes we:ce interchanged in order to have a more conventional 

cell. (The iron cell had a > b>c; the normal convention 

is to have c > b > ae) 
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A crystal with dimensions 0.08 x 0.08 x 0.15 mm was 

c hosen for data col lection. The crys·tal was mounted with 

the b axis (0.15 mm) approxirnately parallel to the <./> axis 

of the diffractome ter e With the detector centere d on an 

intense reflection - t he window of the pulse-height analyzer 

was adjusted for an optimum signal to noise ratio. The 

28 values of fifteen high-angle reflections were deter

minGd by careful centering of each reflection e The values 

were then used in a least-squares calculation of the cell 

parameters. The resultant parameters ~ which were used in 

all of the subsequent operations~ are given in Table 8. 

The correspond ing cp and X values for the fifteen reflec

tions were use~ as input for the orientation program of 

the diffractomet8ro 

A Datex- aut ornated General Electric diffractometer with 

iron-oxide filtered coba l t rad ia tion was used for the 

collection of intensity data. The scan range and speed were 

identical with those of the previous determination. 

Four check reflections were monitored 1 one every 

twenty reflections. At t he completion of the data collec

tion t the intensities of the che ck reflections had decreased 

3 - 53. The intensities of 4294 reflections (29 < 120°, 

sin 8(A <0 .483 ) were deter.mined in 15 sets . The data 

from each set were scaled t o one of the check reflections 

which was given a fixed !Fl value for all of the sets. 



a = 11.9317(18) ~ 

b = 12. 8406 < zz,~) 

c = 17.6800(15) 

" v = 2255g23(98) li:..J 

Reduced Ce 11 z 

0 
a = lle8302(17 ) A 

b = 1L9317( 20 ) 

c = 17.6800(15) 

90 

Index Relationships s 

h = h + k r 

k = -h r 

1 = 1 r 

a= 95.503(14)
0 

8 = 89. 752(12) 

y = 123.090(10) 

Space Group Pl 

a= 

B = 95. 724(11) 

y = 114.582(14) 
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The value of IF! used was t ha t observed for the corres-

tremely intense ref lect i ons 9 the x-ray tube current was 

reduced by 503 and extra filtration (iron foil, 0.0008 

inch) was employed. 

be 

The linear absorption coefficient was calculated to 

-1 µ = 34 cm , and the transmission factors thus varied 

from Og60 to 0.76e No abs orption correct ions were applied 

to the data ; Lorenz and polarization corrections were made. 

All reflections having intensities less than or equal to 

zero werG assigned F = 0 with a zero weighta The inten-

sities of the 4102 reroaining non-zero reflections were 

used i n all subsequent calculationso No unusual trends 

were not e d in the intensities of the high-angle ref lec-

tions. 

Yne atomic scattering factors of the non-hydrogen 

a toms were taken from the tables of P'.a.nson~ Herman~ Lea~· 

and Skillman (75) ; those of the hydrogen atoms were 

taken from the calculations of Stewart~ Davidson, and 

Simpson (76). The factors of coba lt and phosphorus were 

corrected for the real part of anomalous dispersion. 

Extrapolation from Crmner 11 s values (45) for iron and copper 

radiation yielded ~f u for cobalt = -2.18 e- and ~f' for 

phosphorus = Oa30 e o 

A sharpened Patterson map was calculated in order to 
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locate the heavy atoms. By c omparing with the map of the 

iron complex, and the known Fe 1-Fe
2 

and Fe
1
-P

1 
vectors, 

it was relatively simple to locate the cobalt-cobalt and 

coba lt-phosphorus vectorsg Th e co 1-co2 vector was well 

r es olved in this case ; no coincident vectors masked its 

position. A calcula tion of structure factors using the 

Patterson-derived coordinates of cobalt and phosphorus 

atoms yielded an R value of O.L:-8. Two successive struc

ture factor calculations interspersed with Fourier syn

theses provided the positions of the remaining non

hydrogen atoms. A structure factor calculation with the 

positional and thermal (estimated isotropic) parameters 

for all of the non-hydrogen atoms yielded an R value of 

An initial cycle of least-squares refinement was 

carried out including the positional parameters of all of 

the non-hydrogen atoms with isotropic thermal parameters. 

The R was reduced to 0.187~ An additional two cycles 

yielded an R value of 0.156. The atoms were then allowed 

to vibrate anisotropically (refinement carried out in 

three successive runs, as above), and following one 

complete cycle of refinement,. the R stood at 0.081. The 

positional parameters of thG phosphonite hydrogens were 

then calculated according to the known geometries of the 

atoms. The phenyl C-H distance was taken to be 0.09 ~ 
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0 
and the e thyl C-1-I dista nce wa s 1.09 A. These parameters 

were then included in the l east-squares calculation as 

fixed contributions. The hydrogen atoms were assigned 

therrr~l parameters equal to l ~2 
greater than the final 

isotropic thermal parameters of the carbons to which they 

were bonded. Three complete cycles of least-squares refine-

ment reduced the R to 0 . 055. 

A diff e renc e Four i er rnap wa s ·the n calculated in an 

a ttempt to l oca te t he ligand hydrog en atom. The most pro

mine nt feature of the rr,ap had a p ea k height of 0. 36 e - /J.. 3
, 

at a logical position for the hydride ligands The second 

highest peak on the map was 0.34 e-;<J..3 ~ which apparently 

represented an alternate position for carbon 4. The other 

relatively large peaks of the map also seemed to be 

related to possible alternate positions for carbon atoms. 

After reducing the data set to those reflections having 

sin 0 />.. <0.387 (28 < 88°) a second difference Fourier 

map was calculated (l~7). The hydride peak was still the 

highest at 0.30 e-/~3 9 while the alternate C4 position 

showed a peak of 0.28 
- o3 

e /P~ 8 The isotropic thermal and 

positional parameters were included in two additional 

cycles of least-squares refinement. The final thermal 

parameter for the ligand hydrogen atom was B = 8.79(116) ~~ 

The R at the end of the refinement was 0.050; the goodness 

of fit for the final refinement was 2.26. 



Descriot ion of the Structure 

The unit cell of HCo((c6H5 )P(OC2H5 ) 2 ) 4 is very 

similar to ·that of H2Fe( ( C6H5)P(OC2H5)2)4~ as can be seen 

from Figure 10. Because of different numbering scher.1es 

applied to the molecules, a list of corresponding atoms 

along with the cell parameters of the two cells is given 
0 

in Table 9. The closest Co-Co distance is 9Q768(1 ) A. 

The inner coordination sphere of the cobalt atom is 

sho\vn in Figure 11. The phosphorus atoms are even closer 

to a tetrahedral configuration than in the case of the 

iro n complex . The hydrogen occupies the face of the 

tetrahedron opposite phosphorus atom 4Q The greatest 

distortion from the regular tetrahedral angle is 15°, 

between atoms Pl and P2 (124.1(1)
0
). The interatomic 

distanc es and angles are presented in Tables 10 and 11 . 

Tables of structure factors~ positional and anisotropic 

thermalparameters 1 and the derived parameters for the 

phenyl and ethyl hydrogen atoms a toms are given in 

Appendix ll o 
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Figure 10. Stereoscopic Drawings of the Unit Cells 

c 

b~a 

a 

b~c 
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Table 9. Corres p ondenc e of the Unit Cells and Atoms of 
the Iron and Cobalt Complexes 

A 
8 
c 
a 
f3 
y 

Iron Complex 
Unit Cell 

= 17.4945 ( 30} 
= 12.7325 ( 74) 
= 11.9'+04 ( 59) 

= 122.998 (43) 
= 90.207 ( 36) 
= 94.441 ( 39) 

FE co 
CO MPL EX COMPL EX 

:= E co 
P l Pl 
P2 P2 
P3 P4 
P4 P3 
01 02 
02 01 
03 04 
04 03 
05 07 
06 08 
07 05 
08 06 
Cl C5 
C2 C6 
C3 C7 
C4 cs 
C5 C9 
C6 ClO 
C7 C3 
C8 C4 
C9 Cl 
ClO C2 
Cll Cl5 
Cl2 Cl6 
Cl3 Cl7 
Cl4 Cl8 

Cobalt Complex 
Unit Cell 

c = 17.6800 ( 15 ) 
B = 12.8406 ( 24} 
A = 11.9317 ( 18 ) 
y = 123.090 ( l 0) 
B = 89.752 ( 12} 
a = 95.503 ( 14) 

t= E co 
CO MPLEX COMPLEX 

CJ.5 Cl9 
Cl6 C20 
Cl7 c 13 
Cl 8 Cl4 
Cl9 c ll. 
C20 Cl2 
C21 C35 
C22 C36 
C23 C37 
C24 C38 
C25 C39 
C26 C40 
C27 C31 
C2 8 C32 
C29 C33 
C30 C34 
C31 C25 
C3 2 C26 
C33 C27 
C34 C28 
C35 C29 
C36 C30 
C37 C21 
C38 C22 
C39 C23 
C40 C24 
Hl H 
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~H 

Figure 11, Inner Coordination Sphere of 
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Table 10. lnteratomic Distances of HCo(( C6H5)P(OC2H5)z)4 

(in Angs'croms ) 

co - co 9.768 ( 1 ) P2 - 04 1.629 ( 3 ) 
co - Pl 2.115 ( 2 ) 04 - Cl3 1.431 ( 6) 
co - P2 2.103 ( 2) Cl3 - c 1 L;. 1. 481 ( 8 ) 
co - P3 2.126 ( 1) P2 - Cl5 1. 83 2 ( 5 ) 
co - P4 2.128 ( 1 ) Cl5 - Cl6 1.372 ( 7) 
co - H 1.376 ( 54) Cl7 - Cl8 1.33 8 ( 1 1 ) 
co - H 1.540 (--) >:< Cl6 - Cl7 1.3 83 ( 8) 
Pl - P2 3.726 ( 2 ) Cl8 - Cl9 1. 3 5 9 ( 11) 
p 1 - P3 3.584 ( 2) Cl9 - C20 1.376 ( 9 ) 
Pl - P4 3. 197 ( 7-) Cl5 - C20 1.372 ( 8 ) 
p 1 - H 2.297 ( 65) P3 - 05 1.632 ( 3 ) 
Pl - H 2.372 (--) ,;, 05 - C21 1.445 ( 6) 
P2 - P3 3.344 ( 2) C21 - C22 1.462 ( 9 ) 
P2 - P4 3 .431 ( 2 ) P3 - 06 1.620 ( 3 ) 
P2 - H 2.123 (--) ':' 06 - C23 1. 3 85 ( 6 ) 
P2 - H 2.018 ( 58) C23 - C24 1.395 ( 10) 
P3 - P4 3.372 ( 2) P3 - C25 1.830 ( 5 ) 
P3 - H 2.436 (--) >:< C25 - C26 1.377 ( 6) 
P3 - H 2.412 ( 54) C26 - C27 1.384 ( 8 ) 
P4 - H 3.662 (--) >:< C27 - C2 8 1.35 1 ( 9 ) 
Pl+ - H 3.493 ( 52) C28 - C29 1.342 ( 10) 
Pl - 01 1.631 ( 4) C29 - C30 l .39 2 ( 9 ) 
01 - Cl 1.383 ( 8 ) C25 - C30 1.377 ( 7 ) 
Cl - C2 1.402 ( 11) P4 - 07 1.67-3 ( 3 ) 
p 1 - 02 1.616 ( 3) 07 - C31 1.43 7 ( 6 ) 
02 - C3 1. 431 ( 9) C3 l - C32 1 .1+5 7 ( 9) 
C3 - C4 1.236 ( 10) Pt+ - 08 1.621 ( 3 ) 
Pl - C5 1.830 ( 6 ) 08 - C33 1.424 ( 6 ) 
C5 - C6 1.373 ( 9) C33 - C34 1.479 ( 7 ) 
C6 - C7 1.404 ( 1 0 ) P4 - C35 1.825 ( 5 ) 
C7 - C8 1.344 ( 1 1 ) C35 - C36 1.364 ( 7 ) 
C8 - C9 1.347 ( 12) C36 - C3 7 1.375 ( 9) 
C9 - ClO 1.386 ( 9) C37 - C3 8 1.351 ( 9 ) 
C5 - ClO 1. 375 ( 8) C38 - C39 1.350 ( 9) 
P2 - 03 1. 63 5 ( 3) C39 - C40 1.386 ( 9 ) 
03 - Cll 1.437 ( 8 ) C35 - C40 1.378 ( 7) 
Cll - Cl2 1.401 ( 10) 

* Derived from difference Fourier parameters 
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Pl co P2 124. 1 ( 1) 
Pl co P3 115.4 ( 1 ) 
Pl co P4 97. 8 ( 1) 

Pl co H 79.2 ( 27) 
Pl co H 79.2 (--l* 
P2 co P3 104.5 ( 1) 
P2 co P4 108.4 ( 1) 
P2 co H 67.2 ( 25 ) 
P2 co H 69.3 { -- ) >:< 

P3 co P4 104.9 ( 1) 

P3 co H 84.2 ( 2 2 ) 
P3 co H 81.6 ( --) >:< 

P4 co H 170.8 ( 22) 
P4 co H 173.5 (--) >:< 

co Pl 01 123. 1 ( 1 ) 
co Pl 02 112.1 ( 2 ) 
co Pl C5 121.3 ( 2 ) 
Pl 01 Cl 124.0 ( 4) 
01 Cl CZ 116. 3 ( 6) 
p 1 02 C3 121. 8 ( 4) 
02 C3 C4 116. 8 ( 10) 
p 1 C5 C6 124.0 ( 4 ) 
p 1 C5 ClO 119. 1 ( 5) 
C6 C5 ClO 116.9 ( 5 ) 
C5 C6 C7 1~1.0 { 6) 
C6 C7 C8 120.0 ( 8 ) 
C7 C8 C9 120.2 ( 7) 

C8 C9 ClO 120.1 { 6) 
C9 ClO C5 121.7 ( 6) 
co P2 03 1 1 1 • 1 ( 1 ) 
co P2 04 123. 9 ( 1) 
co P2 Cl5 121.1 ( 2 ) 
P2 03 Cll Pl.6 ( 3) 
03 Cll Cl2 111.9 ( 6) 
P2 04 Cl3 119. 5 ( 3 ) 
04 Cl3 Cl4 109.3 { 4) 

·;,; Derived from difference Fourier parameters 
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Ta ble 11. Continued 

P2 Cl5 Cl 6 11 8.3 ( 4 ) 
P2 Cl5 C20 124.3 ( 4) 
Cl6 Cl5 C20 117.4 ( 5) 
Cl5 Cl 6 Cl7 17- 1.3 ( 5) 
Cl6 Cl7 Cl 8 119.9 { 6) 
c 17 Cl 8 Cl9 120.4 { 7) 
Cl8 Cl9 C20 119.9 ( 7) 
Cl9 c 20 Cl 5 121. 2 ( 6 ) 
co P3 05 116.7 ( 1 ) 
co P3 06 120.3 { 1) 
co P3 C25 121. 0 { 1 ) 
P3 (15 C21 123. 1 ( 3 ) 
05 C21 C2 2 10 9.5 { 5 ) 
P3 06 C23 126.9 { 4) 
06 C23 C24 114.2 ( 6) 
P3 C25 C2 6 119. 8 { 4) 
P3 C25 C30 123.0 ( 3 ) 
C26 C25 C30 117. 2 { 5 } 
C25 C26 C27 121 .6 ( 5 } 
C26 C27 C2 8 119. 8 { 5} 
C27 C28 C29 120.2 { 6} 
C2 8 C29 C30 120.7 { 6) 
C29 C30 C25 120.5 ( 5 } 
co P4 07 11 5.8 ( 1 ) 
co P4 08 120.0 ( l} 

co P4 C35 119. 6 ( 1 ) 
P4 07 C31 121.3 ( 3) 
07 C31 C32 11o. 6 ( 5 } 
P4 OH C33 122.5 ( 3 ) 
08 C33 C34 108.6 { 5 } 
P4 C35 C36 123 .6 ( 4} 
P4 C35 C40 119.2 ( 4 } 
C36 C35 C40 117.1 ( 5 } 
C35 C36 C37 120.9 ( 5) 

C36 C37 C3 8 121.6 ( 6} 
C37 C3 8 C39 11 8. 8 ( 6 ) 
C3 8 C39 C4 0 120. 2· ( 6 } 
C39 C40 C35 121.3 ( 5} 
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The average Co-P distance of 2.118(2) ~ is slightly 
0 

longer than the 2.052(5) A observed for Co-P bond in 

HCo(PF3 ) 4 (73), and somewhat shorter than the 2.192(6 ) ~ 

observed for the Co-P bond in HCo(N2)(P(C6H5 )3) 3 (54), 

In view of the 7f-bonding capabilities of the three phos-

phorus ligands, such an order is expected. Averaging of 

the Co-P distances is probably not valid because of the 

significant variations observed. Similar variations have 

been observed in the Co-P bond distances of HCo(N2 )(P-

(C5H5)3)3 (54). An examination of Figure 9 and Table 10 

shows that the trans P4 a tom is farthest from the cobalt 

atom. This is expected for the liga:r;.d tr;3.ns to the hydride, 

but the Co-P3 bond is nearly as long~ and this is more 

difficult to explain. By comparing this structure with 

that of the iron complex, it can be seen that atom P3 

corresponds to one of the phosphorus atoms trans to a 

hydride. Thus in both complexes v atoms P3 and P4 are 

farther from the metal atoms than atorn.s Pl and P2. It is 

possible that the hydride ligand is disordered in the 

cobalt complex 1 taking a position corresponding to that of 

either Hl or H2 of the iron complexQ Since a peak was not 

observed in the difference Fourier at the HZ position , it 

is assumed that the predominant species has the hydrogen in 

the Bl positiona Although the hydrogen was not located in 

a recent crystal structure determination of HCo(PF
3

)
4 

(73), 
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L: was concluded 0;:1 thG basis of t:he slight distortion of 

the phosphorus a toms from a t e trahedral configuration, that 

the hydrogen position is disorderedg occupying either of 

two tetrahed ral faces. It is possible that this situation 

obtains a lso in the present case. Since the phosphorus 

ligand configuration would v e:y likely be different for the 

t wo s pecies, we s houlc expect large anisotropic thermal 

parameters for the atoms of the mo lecule . A comparison of 

the root-mean-square amplitudes of vibrations of the prin-

cipal ellipsoid axes f or the two complexes (Ta bles 4 and 12~ 

shows that the vibrations are indoed larger for the cobalt 

complex. However 1 such a diff e r en c e might also be expected 

from the relative increase in vibrational freedom in going 

from a six-to five-coordinate specie s. Thus~ although 

the Co-P distances indicate that the structure is disordered 

wit:h respect to the two possible hydride positionsp the 

failure to detect a p e ak in the H2 position leaves such 

disorder open to question. 

A stereoscopic drawing o f the molecule is given in 

Figure 12. Although the phosphorus atoms are disposed 

n early tetrahedrally about the cobalt atoms~ the general 

configuration appears to be t ha t of a trigonal bipyramid. 

0 
The coba lt atom is 0.493 A out of the plane of the equa-

torial phosphorus atoms, P lp P2 j P3. In the similar struc-
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Table 12. Root-Mean-Square Amplitudes of Vibration of the 

Thermal Ellipsoids of HCo((C6H5 )P(OC2Hs)2)4 

(in Angstroms) 

co 0.21128 0.21460 0.25109 
Pl 0.22399 0.24157 0.26906 
P2 0.21507 0.22693 0.25284 
P3 0.22523 0.22972 0.23152 
P4 0.20972 0.21770 0.24404 
01 0.23256 0.27718 . 0.35696 
02 0.21459 0.27275 0.36203 
03 0.19957 0.26240 0.31955 
04 0.22373 0.25916 0.28512 
05 0.22037 0.2Lr437 0.28824 
06 0.21688 0.27089 0.34024 
07 0.22517 0.23354 0.27845 
08 0~21379 0.23456 0.30493 
Cl 0.25038 0 .. 31553 0.44463 
C2 0.29327 0.37491 0.49799 
C3 0.22096 0 .. 35073 0.48414 
C4 0.27129 0 .. 38789 0.72590 
C5 0.20874 0.25421 0.30056 
C6 0.25561 0.32018 0.34766 
C7 0.22432 0.36912 0.42368 
C8 0.23569 0.32777 0.44548 
C9 0.25520 0.34778 0.37880 
ClO 0.24612 0.297Lr3 0.33793 
c 11 0.22259 0.32442 0.42279 
Cl2 0.23644 0.37497 0.45328 
Cl3 0.24186 0.25854 0.29497 
Cl4 0.25313 0.30552 0.35219 
Cl5 0.22835 0.25838 0.27587 
Cl6 0.24341 0.28978 0.32788 
Cl7 0.23428 0.37063 0.38765 
Cl8 0.21315 0.39921 0.45489 
C19 0.23858 0.39568 0.48316 
C20 0.23049 0.31329 0.40781 
C21 0.23387 0.29190 0.33099 
C22 0.23732 0.36390 0.39924 
C23 0.23436 0.336't4 0. 3 9465 
C24 0.26625 0.38354 0.51067 
C25 0.20770 0.22684 0.26150 



TRble 12. Continued 

C26 0.23407 0.26177 0.29718 
C27 0.24575 0.27490 0.36982 
C2 8 0.23629 0.26822 0.'~3141 

C29 0.23015 0.28841 0.41233 
C30 0.24435 0.26538 0.32287 
C31 0.23638 0.28162 0.37426 
C32 0.24362 0.30191 0.34541 
C33 0.23213 0.26361 0.35582 
C34 0 .23368 0.30024 0 . 37671 
C35 0.22510 0.23806 0.23969 
C36 0.22827 0.26430 0.34579 
C37 0.21938 0.31822 0.43804 
C38 0.22024 0.31247 0.'-i-2196 
C39 0.21740 0.30641 0.40181 
C40 0.23731 0.25927 0.37045 
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0 
to be 0.321 and 0.283 A from the plane (two independent 

molecules in the asymmetric unit ) s In HCo(PF3 ) 4 , the Co 

a tom is 0.59 ~ from the plane (78 ). The behavior of 

of the rnole cule which recognizes t he tetrahedra 1 tendency 

o f t he phosphorus ligands is pref erredo For this reason, 

it is probably more correct to speak of the molecule as a 

distorted tetrahedral skeleton of phosphorus ligands with 

the hydrogen occupying a tetrahedral face. 

The similarity of the unit cells of the iron and 

cobalt complexes has been noted above. Figure 10 presents 

stereoscopic drawings of both cells for comparison. The 

alternative hydrogen position in the cobalt complex can 

easily be seen by examination of the corresponding positions 

of the iron complex. As noted previously~ the thermal 

ellipsoids generally show t he same directions for their 

principal axesp although the absolute values are larger 

for the cobalt complex~ 

The parameters of t he ligand atoms were found to be 

quite similar to those of the iron complex . In this case 

also t here appears to be some disorder in the carbon atom 

framework (see for instance carbon 4) ~ and the reported 

standard deviations of the bonds and angles are undoubtedly 

underestimated. As an example~ assuming all of the 0-C 

bond distances are equiva lent, the standard deviation of 
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the values given is 0.023. This is over three times the 

average standard cieviation (0. 007) calculated from the 

least-squares refinement. The extremely short carbon-carbon 

distances are again indicative of disorder. A comparison 

of the average bond lengths was given in Table 5. The 

ligand bond angles are within the range usually found for 

phosphites and phosphines (55). The deviations of the 

carbon atoms from the least-squares planes of the four 

phenyl rings are given in Table 13. 



108 

Table 13. Deviations from Least-Squares Planes in 

RI NG 1 RING 2 

ATO M DEVIATIO N ATOM DEVIATION 

C5 - .003 8 Cl5 -. 0 115 

C6 0.0059 Cl6 0.0086 

C7 -.001 9 Cl7 0.0024 

C8 -. 0041 C1 8 -.0103 

C9 0. 0062 C19 0.0070 

ClO -.0022 C20 0.0039 

RING 3 RING 4 

ATOM DEVI ATION ATOM DEVIATION 

C25 0.0069 C35 0.0006 

C26 - .0044 C36 -.002 8 

C27 - .0052 C37 0.0016 

C2 8 0.0124 C3 8 0.0018 

C29 -.00 96 C39 -.0040 

C30 -.0001 C40 0.0028 
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DISCUSSION OF THE SPECTRAL PROPERTIES OF 

The presence of only one ligand hydrogen atom in this 

complex simplifies considerably the discussion of the 

nature of the metal-hydrogen bondo Severa l analogous 

complexes have been repor·ted in the literature. In some 

cases a cobalt-hydrogen stretching frequency was not 

reported 0 perhaps due to the fact that. the absorption is 

generally very weak. Table 14 lists v(Co-H) absorptions 

for several 5-coordina t e cobalt hydride c omplexes. The 

cobalt-hydrogen stretching frequency for HCo((c6H5)P-

( oc2H5 ) 2 ) 4 is among the higher energy va lu·as reported in 

Table 14P indicating a relatively strong Co-H bond. The 

infrared spectrum of a Nujol mull of the complex is pre-

sented in Figure 13. The band is quite weak; if it had 

occurred a'c a lower energy it may well have been mistaken 

for one of the ligand bands. The corresponding v (Co-D ) 

cou ld not be detectedp probably because of coincidence with 

-1 
o ne of the several strong C-C bands in the 1300 - 1 500 cm 
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Table 14 . Cobalt-Hydrogen Stretching Frequencies 

Compound v(Co-H2 Ref. 

P.Co(N2)(PPh3) 3 2085 -1 
54 cm 

HCo(PhP(OEt)z)z,, 2017 

HCo(PF3)4 1973(R) 3 

HCo(PF3)4 1964 77 

HCo(PF3)4 1974(R) 77 

HCo(P(OEt) 3)4 1 96lir 38 

HCo(PMePh2)4 1958 11 

HCo(C0)4_ 1934 78 

HCo(C2H4(PPhz)2)2 1884 70 

HCo(CzH4(PMe2)2)2 1855 79 

HCo(P(OPh ) 3)4 not observed 74 

(R = Raman) 
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Infrared Spectra of HCo((C6H5)P(cc2H5 )z )4 

and DCo((c6H5 )P(OC2H5 ) 2 )4 in the 

-1 400 - 600 crn Region 
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region. Consid eration of the energies of the bands in 

Ta ble 15 shows that the metal-hydro g en bands are compar-

able in energy to the bands in the c is dihydride complexes. 

It is interesting to note that for a series of H3co~ 

complexes (ll), two v (Co-H) bands are noted ; a strong 

-1 
absorption at 1720 - 1750 cm and a medium absorption at 

1920 - 1940 cm-
1 • The positions and intensities of these 

bands are strongly indicative of mer-H~CoLL structures. 
-- .5 ~ 

There are three bands present in the infrared spectrum 

of DCo((C6H5 )P(OC2H5)2)4 which are n ot o b served in that of 

HCo((c6H5 )P(OC2H5 ) 2 ) 4 • Two are of relatively high energy, 
-1 

1259 and 1130 cm , and probably represent modes which 

are mixed with b ( P- Co~D). The third band appears at 

514 

600 

-1 cm this is probably rela ted to the hydride band at 

-1 
cm which is not present in the spectrum of the 

deuteride (see Figure 14)a The nearness of the two bands 

suggests that the b (P-Co-H) modes undergo mixing with 

other bending modes of the molecule. A recent study of 
-1 

HCo(PF3 ) 4 revealed a 6 (P-Co-H ) mode of 625 cm which was 

shifted to about 550 cm-l upon deuteration (77). 

The infrared spectrum in solution shows no band which 

may be assigned to v(Co-H). Several attempts to obtain 

the low temperature infrared spectrum of the complex 

failed because of a reaction of the AgCl cell windows with 

the compound. Although the nature of this reaction is 
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unknown, i t is clear th.at the cobalt hydride complex acts 

as a reducing agent~ leaving a silver mirror on the 

surface of the AgCl plate. Such reactivity is surprising 

since the iron dihydride ha s no detectable effect on the 

iigCl. 

As noted above~ t!1e: n.m.:::. spectrum of HCo(C6H5 )P-

(oc2H5 ) 2 ) 4 shows a quintet at room temperature which even

o 
tually ~oales ces to a single broad band a t -50 c. The 

quadrupole moment of the 
59co nuc leus (spin= 7/2) has an 

increasing influence on the proton r esonance as the molec-

u la r rearrangement decreases (and the anisotropy of the 

molecule increases). The n.m.r. spectrum can thus be used 

as a rough gauge of the n onrigidity of a complex in solu-

tion. One example o f a relatively rigid structure is 

HCo(PF3 ) 4 • For t h is complex only t he single broad band 

is observed. Frorct the crystal struct ure o f this compound 

(73)P it can be seen that the phosphorus ligands are 

distorted only slightly from a tetrahedral configuration. 
0 

With such a small amount of distortion ( 9 ) even in the 

solid state? it is not likely that major distortions will 

occur in solut i on. Movement of the hydrogen across the 

edge positions will be relativaly difficult in such a 

situation (see Sect i on II) and t he intramolecular re-

arrangements are thus reducad~ In the case of HCo((C6H5 )P

(oc2H5)2)4 , the phosphorus ligands can be dislocated more 
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easily~ and the single band of the more rigid model is not 

observed except at low tempe~ature. Because of the quadru-
59 

pole moment of the Co nucleusp and the uncertainty of 

its effects upon the n.m.r. spectrum~ arguments of this 

type are at best c:.:-ude. 

In solution at room temperaturej HCo((C6H5 )P(OC2H5 ) 2) 4 , 

probably exists in an essentially tetrahedral form, with 

the hydride ligand moving rapidly from face to face. This 

should not be surprising, since the phosphine ligands of 

an analogous rhodium complex, HRh(P(C6H5 ) 3 ) 0,e are tetra

hedrally disposed even in the solid state (BO ) o As the 

motion of the hydrid<:: ligand slows down at reduced temper-

atures~ one face becomes prefe~entially distorted and even-

tually a pseudo-trigonal bipyramid arrangement result s. 

If the coupling constants found for the iron complex were 

valid in this case, a quartet of doublets would be expected 

in the low temperature n.m.r. spectrum of the trigonal 

bipyrarnidal species. The cobalt quadrupole momentp which 

increasingly influences the spectrum as the molecule grows 

more rigid 1 very likely will prevent the resolution of such 

a spectrum. 
31 

On the basis of the P chemical shift 0 it has been 

proposed that the ligand hydrogen atom of HCo(P(OPh3 ) 4 is 

acidic, and that the cobalt atom has a -1 formal charge (74). 

The chemical evidence which accompanied the proposal was 



117 

in conflict with such an assignment . The authors therefore 

c oncluded that t he hydrogen a:com wa s shielded from reaction 

by one or more of the p~enyl groups. The method of pre-

pa ration of this complex ~s very simila r to that used for 

ECo((C!'.CH~)P(OC 2H c: ) ? )!..,Y r equ i ring reduction by s odium 
0 .) ..J - • 

borohydride. I ·t is difficult to understand how a complex 

which obtains its hydrogen ligand from a strong base such 

as NaBH4 will act as an acid in the presence of triethyl

amine (the test for acidity used ) . The PF
3 

analog, 

HCo(PF
3

) 4 , readily forms the anion Co(PF3 ) 4 - in the pre-

sence of triethylamine ; this complex ~ however, is not 

prepared in the presence of NaBH4 • All of the evidence 

presently a va ilable indicates that of the phosphorus 

liga.nds, only PF3 has electron withdrawing capabilities 

great enough to produce acidic hydr ide comp lexes. 
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SECTION IV 

TETRAKIS(DI ETHYLPHENYLPHOSPHONITE) COMPLEXES OF 

NI( O) , CU(l)j PD(O ) , AND PT(O) 

Ni((C6H5)P (OCzH5 )2)4 

Cu((C6H5)P(oc2H5) 2)4Cl 

Pd((C6H5)P(OC2H5) 2)4 

Pt((c6H5 )P(OCzH5)2)4 
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Tetrakis-phosphine and - phosphite complexes of dlO 

transition metals have been studied extensively in the 

p a st twenty years (30 p35P74 , 81-98). The present work 

deals with the syntheses and vibrational spectra of 

complexes of c6H5P(oc2H5) 2 with Ni( O) , Cu(I), Pd(O), and 

Pt(O). The ultraviolet spectra of the Ni(O), Cu(l), and 

Pd(O) complexes have b een r epor'ced (7); because of repro-

ducibility problems with the reported Cu( I) synthesis~ an 

alternativ e method is suggested (see Experimental Section). 

The Pt(O) complex, Pt((C6H5)P(oc2H5) 2)4, is a nearly 

colorless (very light yellow) solid a t room temperature. 

It can be easily recrystallized from abs olute ethanol, 

yielding square platelets which are often twinned. The 

compound is relatively stable to air, being comparable in 

this respect to the cobalt complex. Unlike its tri-

phenylphosphine analog (85,99), the present compound does 

not undergo dissociation i n solution. Beervs law is 
-6 followed in the concentration range of 5 x 10 to 1.3 x 

10-4 m/l; addition of free ligand to solutions of the 

complex does not change the position or the intensity of 

the band at 3080 ~ (39). 

It has been generally assumed (86) that the phos-

phorus skeletons of complexes of this type are tetrahedral. 

The observation that the x-ray powder photographs of 
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(cH3c(cH2o) 3P) 4Ni(O ) and -Pt(O) are not identical is, 

howeverp disturbing (81). Since few structural data are 

available for these complexesg it is not known if this 

difference is general throughout the series~ or merely 

confined to the complexes of CH3C(CH2o) 3P~ Because of the 

la.ck of str-...ictural work in this fieldv an attempt was made 

to determine the structu::::e of Pt((c6H5 )P(oc2H5) 2 )4. 

About fifty crystals were mounted and coated in the 

manner described above. Dnf ortunately~ those small enough 

for intens ity data collection were all found to be twinned. 

A few larger crystals which were suitable for photographic 

cell determination suffered from only a small degree of 

twinning. These were used for obtaining precision Weissen

berg photographs~ A least-squares r efinement of 28 

values taken from thes e photographs yielded the cell 

dimensions given in Table 15. From the Weissenberg photo

graphs p it appears that the cell has pseudo-hexagonal 

syrrrrnet ryQ Possibly the reduced true symmetry is the result 

of the asymmetric phosphonite ligands~ although a phosphorus 

skeleton of symmetry lower than tetrahedral certainly 

cannot be ruled out. It is notable~ however, that the 

crystal habits of the Ni~ Pd , and Pt complexes are the 

same , and osciliation photographs of the Ni complex (also 

twinned) indicate that the cel l is similar to that of the 

Pt complex. 
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Table 15. Cell Parameters for Pt((c6H5 )P(OCzH5)z)4 

10Q621(5 ) 
0 

82Q 96 u~) 0 
a = A a= 

b ::: 11.611(4) 13 ::: 117.32(3 ) 

c ::: 20.011(9) Y= 11 0.35(6 ) 

Volurne1 2053(2 ) ~3 Space Group: PI 
Cale . Density, 

Exp. Dens ity : 

3 1.597 gm/cm 

3 
L 51 ( 8) gm/ cm 
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Clearly, collection of intensity data for 

important of which is twinning. Assuming an untwinned 

crystal were found, howeverp the problem of absorption 

remains. Because of the large cell , resolution of the 

reflections with molybdenum radiation would be marginal. 

On the other handp the absorption coefficient for copper 

-1 radiation is quite largep 86 cm • If an untwinned 

crystal of the Pt complex eventually is foundp it will 

undoubtedly be necessary to apply absorption corrections 

to the data. 

As noted above and in the Experimental Section, the 

reproducible. The high solubility of these complexes 

presents an extraordinarily difficult problem in crystal-

izing the copper complex. It also appears that the loss 

of a phosphonite ligand can occur , CuL4 Cl --'.l> CuL3c1 + L, 

yielding a mixture of the two corciplexes. Examination of the 

elemental analysis indicates that the sample analyzed 

contained both the tetrakis- and the tris-phosphonite 

compounds~ A silver complex can be prepared similarly 

to the copper complex by reacting silver nitrate with the 

phosphonite. Its properties have not been investigated 

because of the obvious low purity of the samples obtained~ 

but the colorless crystals closely resemble those of the 
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copper complex. Similar comp l e xes have been pre pared 

by replacing the ch loride a nd nitrate with perchlorate 

(81,83)~ no attempt was made to prepare this type of 

complex with diethylphenylphosphonite. 

The infrared spectra of these compounds are essentially 

the same as those of the free ligandg The only character-

istic bands which might b e obs e rved in the infrared region 

are those of t hG me t a l-ph o sphorus stretching a b s orptions. 

Be cause thes e ba nds app ea r at very low e~ ergy (100 -
- 1 

!~ 00 cm ) , mi xing o f s ta t c:!S ·1 .. 1i t h t he nu...'Tlerous b e nding 

mod es complic a tes t he ana lysis signi f icantly~ It is not 

surprising, then, that the re has been general disagree-

rnent as to the location of the se bands~ and a wide range 

of frequencies has been reported. Table 16 presents some of 

the reported metal-phosphorus stretching frequencies for 

tetrahedral complexes. 

It has been suggested that zcro-valent complexes 

display a v (M-P) below 265 cm-l P while di-valent species 

-1 
absor b in the 320 - 460 cm region (100). This trend is 

not followed by the nicke l complexGs noted in Table 16, 

and an examination of other reported frequencies for di-

valent nickel species indicates that the lack of agreemant 

is genera 1. If i hm·rever , the distinction between tetrahe-

dral and square planar complexes is ITade, the rule becomes 

more acceptable. It seems generally true that tetrahedral 
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Tn bl e 16 . !'<eta 1-Phos phorus Stretching Frequencies 

of some Tetrahedral Complexes 

Compou nd v(M-P) Ref. 

Ni(PPh3)zBr2 196~8, 189.5 -1 101 cm 

Ni(PPhz(n-Pr)) 2Br2 178» 162 101 

Ni(PF3)4 2191 195(R) 87 

Ni(P(OCHz)3CCH3)4 157 81 

Ni(P(OCH3 )3) 4 178 102 

Ni(P(OEt:)3)4 210 1 305~ 335 86 

Ni(P(OEt)3)4 299 81 

Pd(P(OEt)3)4 200, 290v 335 86 

Pd(P(OCHz)3CCH3)4 1920 lli-2 81 

Pt(P(OEt)3)4 2159 290)) 332 86 

Pt(P(OCH2) 3ccH3)4 191? 160 81 

Pt(P(CH0) 3 (cH2) 3) 4 l 9l}, 170 81 

(Cu(P(OCHz )3CCH3 )4)C l04 132 81 

(Ag(P(OCHz)3CCH3)4)Cl04 112 81 



125 

complexes have v(M-P) absorptions at the lower energies, 

-i 
usually b e low 300 cm • 

In an atteillpt to locate the metal-phosphorus 

stretching band s for the present complexes, infrared and 

Raman spectra were obtained in the low energy regions. 

Unfortunately, infrared data could not be obtained below 

-1 
200 cm P so only Raman data are available in this region. 

The samples in all cases were Nuj ol mulls between Csl 

plates for the infrared determinations, and powders or 

single crystals for the Raman det:erminationse Nea t samples 

of the free ligand were used in the inf rared and Raman 

studies. The iron and cobalt complexes were included in 

this study. The infrared and Ro.rnan spectra are displayed 

in Figures 15 and 16. The palladium complex dGcomposed 

rapidly upon exposure to the exciting radiation of the 

Rc:ii.nan spectrophotometerp but a rapid scan over t:he lower 

energy region indicated the presence of a band between 

-1 
160 and 190 cm The infrared spectrum of the palladium 

compound is nearly identical to that of the platinum 

complexv The frequencies which are believed to represent 

the metal-phosphorus stretching modes for the present 

complexes are given in Table 17Q 

As has been t he case in previous studies of this type, 

there is some ambiguity in these assignments because of the 

-1 rela'cively close ligand mode at 199 cm • By comparison 
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Figure 15~ 

Low Energy Inf rared and Raman 

Spectra for PhP(OEt ) 2, 

HCo(PhP(OEt) 2 ) 4 ~ and 

H2Fe(PhP (OEt)z)4 



127 

infrared PhP (0Et)2 

infrared 

Raman 

infrared 

Raman 

350 300 250 200 150 

Figure 15. 
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Figure 16. 

Lnw Energy Inf rared and Raman 

Spectra of Ni(PhP(OEt ) 2 ) 4 p 

(Cu(PhP(OEt)z)4)Cl, and 

Pt(PhP(OEt) 2)4 



Raman 

inf rared 

Raman 

Raman 

400 350 

129 

300 
i 

250 

cm- 1 

Figure 160 

200 150 
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Table 17 . Metal-Phosphorus Stretching Frequencies for 

Tetraki sdiethylphenylphosphonite Complexes 

Compound v (M-P ) 

H2Fe(PhP(OEt)z)4 183p 174 ' -1 cm sn 

HCo(PhP(OEt) 2) 4 i81 

Ni(PhP(OEt) 2) 4 172 

(Cu(PhP(OEt)z)4)Cl 189 

Pt(PhP(OEt) 2) 4 184, 1935 h 
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with the r eported values for Ni(PF3 ) 4 P which were based on 

polarization studiesg and those of the Ni(PPh3 ) 2Br2 

complex, which were based on isotopic substitution experi-

ments~ it seems likely that the v(M-P) frequencies should 

-1 
be expected at or below 200 cm • The relatively high 

intensities of the bands observed~ and the lack of more 

intense bands at higher or lower energies , suggests (from 

a comparison with the spectrum of the free ligand ) that 

they are at least partially the result of metal-phosphorus 

stretching. An exar<1inat:ion of the values reported in 

Tables 16 and 17 does not reveal an obvious trend with a 

change in the metal atom ~ implying that at least in some 

cases the stretching modas are altered by mixing with 

other vibrational modes of the complexes~ 

Except for the palladium complex 1 all of the compounds 

in the present study can be exposed to air for brief 

periods (generally a few hours maximum ) without noticeable 

deterioration. The order of stability to air is Ni > Co , 

Pt> Fe, Cu>> Pd. The complexes are insoluble in and are 

apparently not affected by deoxygenat:ed water. They do 

decompose rapidly~ however~ in any solvent which contains 

dissolved oxygen. They are soluble in most organic 

solvents 1 the s o lubility decreasing with increasing polarity 

of the solvents. 
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SUMMARY 



The prevailing theme throughout the present work has 

been the tetrahedral arrangement of the phosphonite ligands 

about the metal a tom. Such an arrangeme nt is easy to 

accept in the case of the four-coordinate complexes~ but 

is, of course~ more diff i cult to rationalize for five-

and six-coordinat e species. In the discussion of rapid 

rearrangements of such molecules~ it is corranon (and 

logical) to consider the ground state structure in solution 

to be an octahedron (six-coordinate species ) or a trigonal 

bipyrarnid (five-coordinat e speci e s ) . In the present case, 

howeverQ the four phosphonit e ligands dominate the space 

about the metal atom 0 while the hyd r ide ligands apparently 

squeeze in wherever possible~ Thus, even though we are 

d ealing with five- and six-coordinate complexes (the 

hyd rides d o take up specific sites), the dominance of the 

comparatively huge phosphonite ligands in effect gives the 

complexes decided f our-coordinat:e charactere Note that 

there is no implication of weak metal-hydroge n bonds in 

this discussion ~ on t: he contrary , the hydride hydrogens 

were found to be rela tivE:ly inert~ and could not be induced 

to exchange with n2 or c2H5on under a varie ty of conditions. 

The question might well arise as to the necessity of 

speakin g of the hydride complexes as basically distorted 

tetrahedra rathe r than distorted octa hedra. We arep after 



all, only discussing relative shapes, and since the 

established standards are based upon octahedra ~ it may 

seem superfluous to establish another base. For purposes 

of visua lizing the spacial problems of these molecules, 

howeverp a tetrahedral foundation provides an easy ration-

alization for some of the problems encountered. Take, 

for example~ the infrared spe ctra of the iron complex, 

Two isomers were found to exist in solution at low tempera-

ture, neither of which appeared to have a true trans 

dihyuride configuration. The relativ e low energy of one 

of the iro bands indica t e d that a spec ies approaching 

0 
a t rans isome r ( L H-Fe-H somewhat less than 180 ) was 

present, The a pplicat ion of a diitorted octahedral model 

to this problem (29) presents no o bvious reason why such 

an arrangement should exist. On 'che other hand, if a 

tetrahedral model is utilized (s e e Figure 8) , an "almost 

tra ns " (E) isomer is a natural result of the geometry, 

The apparen'c predominance of cis (A) dihydride isomers in 

solution (48) can also be ratior.alized on the basis of a 

t etrahedral phosphorus ligand skeleton. The A arrangement 

is the only conf iguration which does not require that one 

of the hydrides occupy an energetica lly unfavorable edge 

in two isomers~ one with the two hydrides occupying faces 

of the phosphorus tetrahedronp (the cis or A isomer ) , and 
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the other with the hydrides occupying a face and a non-

adjacent edge (the "trans" or E isomer ) . In the cobalt 

facial position. 

The solid state structures of the two hydride 

complexes are quite similarp and it is possible that the 

single hydride of the cobalt complex can occupy either o f 

the two facial positions whic h correspond to the hydride 

locations in the cis iron complex. As would be expected, 

the phosphorus atom skeleton is more tetrahedral in the 

cobalt complex. 

As with other phosphine metal hydrides (excluding 

~, ,.. pv ) ,_, t l h · d · t.. nos e or ... .- 3 , t..n.e pres en co. p exes s. ow no aci ic 

character. They can be prepared in low yield without 

the addition of borohydride 9 presurnably abstracting a 

hydride from the a-carbon of the solvent ethanol (22, 64 ) . 

Diethylphenylphosphonite~ c6H5P(oc2H5 ) 2 , is the only 

monodentate phosphorus ligand known which forms a trans ( C) 

dihydride isomer in the solid stateQ All other trans 

complexes of this type involve bidentate ligands. 

Although the reason for this is not well understood 1 it 

may result from the ability of the phosphonite ligands t o 

distort from the ideal tetrahedra l geometryp and thus 

reduce the steric hindrance of the edge positions (see 

Section II ) . 
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In light of these obs e rvations 0 it would be inter

esting t o study the complexing properties of o-C 6H4 -

(P(oc2H5)2)2. Unfortunately? the synthesis of this com

pound is a problem in itself. The major difficulty is in 

obtaining o-C6H4 (PC12 ) 2 g from which the ethyl ester could 

easily be prepared. A recent publication implies that 

preparation of this chloride might be achieved with 

reasonable results (103). If the bidentate ligand could 

be prepared, it might well be expected to produce trans (C) 

dihydride complexes. 
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APPENDIX I 

ADDIT IONAL STRUCTURAL DATA FOR 

H2Fe(( C6H5)P(oc 2H5) 2)4 
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Table 18w Calculated and Observed Structure 

Factors for H2Fe((C6H5P(oc2H5) z )4 

The headings for each group give the 

k and 1 indices which apply to the 

group~ The columns are in the 

ord er H~ Fobs) Fcalc" 

To convert the present indices to 

those of the reduced cell (Table l ) s 

hr = k + 1 

k = -1 r 

1 = h 
r 
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Table 18. Calculated and Observed Structure Factors 
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Table 19. Positional Parameters for 

Atom -- x -- -- y -- -- z --

FE 0.23276( 8 ) 0.2253 1( 13) - .00173( 13 ) 
p 1 0.17602( 12) 0.22071( 20) -.16287( 21) 
P2 0 .21345( 1 2 ) 0.29782( 20) 0.20267( 20) 
P3 0.34375( 1 2 ) 0 .. 30307( 19) -.01217( 20) 
P4 0.25354( 1 2 ) 0.03660 ( 19} -.06691( 20) 
01 0.08432( 2 8 ) 0.21592( 50) -.14 84 4( 5 1 ) 
02 0.18153( 34) 0.11884( 5 2} -.32278( 5 0) 
03 0.27810( 29 ) 0.36994( 47) 0.32482( 47) 
04 0.17223 ( 29) 0.19197( 44) 0.22365( Lt6} 
05 0.41716( 27) 0 .. 27721 ( 45) 0.04976( 46) 
06 0.35810( 28) 0 .. 45376( 42} 0.05727( 48) 
CJ7 0.30101 ( 28) -~ 04113( 44) -.20200( 46 ) 
Ci8 0.18240( 23) - .06719( 46) -.10281( 55) 
Cl 0 . 19 22 8 ( 46 ) 0 .3 5 564( 77) - .17560 ( 78) 
C2 0 .2 1798 ( 55) 0 .3 5082 ( 85 } -.2 8673( 90 ) 
C3 0. 229 96 ( 62) 0 o Lr 5 7 9 0 ( 1 1 3 ) -.2 8959 (105) 
C4 0 .21600( 56) 0 .. 5 7186 ( 101 } -.1 8160 ( 123) 
C5 0.1903 9 ( 55) 0.58001( 89) -.06985(102) 
C6 0.17923( 52) 0.4 7171( 89 ) -.06 8 78( 96) 
C7 0.03115( 54 ) 0.22023( 94} -.23548( 98) 
C8 -.0 3 766( 62) 0.26961(113) -.16780(118) 
C9 0.17061+( 65 } -.011T7( 99) -.38222( 97) 
ClO 0.19444( 83 ) -.0 8103( 107) -.51582(109) 
c 11 0.14702( 45) 0.41989( 74) 0.28303( 79) 
Cl2 0.08090( 49) 0.40937 ( 75) 0.21591( 85 ) 
Cl3 0.02629( 51) 0.49315( 98 ) 0.27396(108) 
Cl4 0.03960( 67) 0.59202(100) 0.40198(118) 
Cl5 0.10Lt78( 74) 0.60785( 98) 0.47220(102) 
Cl6 0.15864( 56 ) 0.52392( 89) 0.41378( 85 } 
Cl7 0.3L;433( 47) 0.31384( 8 1 } 0.32384( 79) 
Cl 8 0.40371( 50) 0.41085( 85 } 0.42534( 85 ) 
Cl9 0.15240( 60 ) 0.21904 ( 85 ) 0.35331( 88} 
C20 0.10361( 63) 0.12227(100) 0.34555( 97) 
C21 0.38099( 43) 0.26552( 70) -.17278( 7 1 } 
C22 0.39091( 57) 0.14203( 8 l ) -.26927( 92) 
C23 0.41862( 63) 0.10924( 87) -.39083( 92) 
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Table 19. Continued 

C2 4 0.43539( 59 ) 0.1949 7(101) -.42009( 94) 
C2 5 0.42616( 61) 0.31586 ( 97) - .32599( 98) 

C26 0.39868( 54) 0~35119( 79) - .20460( 82) 
C27 0.49459( 48) 0.32450( 86 ) 0.0Lr971{ 91 ) 
C2 8 0 • 5Lr644 ( 48) 0.31667 ( 80 ) 0.1395'+( 90) 
C29 0.33659( 54) 0.54326 ( 79) 0.18920( 86 ) 
C30 0.35500( 58) 0.67046( 7 8 ) 0.22047( 86 ) 
C3 l 0.30713( 45) 0.00483( 64) 0.04043 ( 72 ) 
C32 0.38672( 50) 0.02930( 73) 0.0 5 832 ( 79) 
C33 0.42892( 54) 0.00798( 85 ) 0.14061( 94 ) 
C34 0.39209( 72) -.03789{ 85) 0.20718 ( 90 ) 
C35 0.31484( 66) -.06124 ( 89) 0.19452 ( 93) 
C36 0.27293{ 5 1 ) - .04395( 79 ) 0.10942{ 8 7) 
C37 0.30939( 5 l ) - .17266( 77 ) - .26674 ( 83 ) 
C38 0.36014( 64) -.21289( 86) -.37804{ 95 ) 
C39 0.10541( 50) -.05703( 83) - .10 7 79 ( 97 ) 
C40 0.05683( 55) - .15160(102) -.11110( 116 ) 
Hl 0.15249 ( 331) 0.20940(537) 0.01542(573 ) 
HZ 0.20965(319 ) 0.36112(533) 0.05586( 5 71 ) 
Hl 0.150 ( - ) 0.226 ( - ) 0.110 ( - ) * H2 0.207 ( - ) 0.359 ( - ) 0.650 ( - ) * 

* Derived from difference Fourier map 
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Table 21. Derived Parameters for the Hydrogen Atoms of 

H2Fe((C6H5)P(OC2H5)z)4 

Atom x y z B <R2 ) 

H21 0.2273 0.2761 - .3595 5.63 
H31 0.2471 0.4510 -.3636 6.30 
H41 0.2236 0.6414 - • 184 0 6.17 
H51 0.1808 0.6548 0.0024 6.08 
H61 0.1626 0.4781 0.0058 5.00 
H71 0.0169 0.1256 - .3232 5 .56 
H72 0.0567 0.2806 -.26 66 5.56 
H8 l -. 0782 0.2726 -.2353 7.04 
H82 -.02 36 0.3643 -.0 801 7.04 
H83 - .0634 0.2094 -.1367 7.04 
H91 0.1098 - .03 84 -.3831 6.20 
H92 0.2036 - .0356 -.3 228 6.20 
HlOl 0.1846 - .1814 -.5571 7.47 
Hl02 0.255Lr - • 05 6 2 -. 5566 7.47 
Hl03 0.1616 - .0588 - .576 8 7.47 
Hl21 0.0726 0.3449 0.1300 5.06 
Hl 31 - .0175 0.4821'.i· 0.2277 6.20 
Hl41 0.0045 0.64 8 0 0.4408 6.67 
Hl51 0.1128 0.6737 0.5575 6.58 
H 161 0.2025 0.5361 0.4607 5. 5 1 
Hl71 0.3674 0.2689 0.2249 4.91 
Hl72 0.3295 0.2434 0.3473 4.91 
Hl 81 0.4547 0.3661 0.4235 5.88 
Hl 82 0.3810 0.4559 0.5245 5.88 
Hl83 0.4188 0.4814 0.4022 5.88 
Hl91 0.1237 0.3053 0.4044 5.63 
Hl92 0.2050 0.232Lr 0.4106 5.63 
H201 0.0906 0.1477 0.4461 6.82 
H202 0.1318 0.0355 0.2954 6.82 
H203 0.0505 0.1083 0.2891 6.82 
H221 0.3791 0.0820 -.2525 5.44 
H231 0.4255 0.0282 - .4517 6.28 
H241 0.4524 0.1729 -.5005 6.0 7 
H251 0.4385 0 .3 75 2 -.3437 6.13 
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Table 21 . Continued 

Atom x y ~ B <R2) 

H26 l 0.3922 0.4326 - .1449 5. 13 
H271 0.4951 0.4226 0.0813 5.42 
H2 7 2 0.5144 0.2694 - .0514 5.42 
H281 0.6043 0.3533 0.1365 5.9 1 
H282 0.5467 0.2188 0. 1086 5.9 1 
H283 0.5274 0.3720 0.2411 5.9 1 
H29 l 0.3678 0.5321 0.2607 5.39 
H292 0.2 7 51 0.5276 0.1955 5.39 
H30 1 0.3384 0.7383 0.3213 5.92 
H302 0.3238 0.6819 0. 1492 5.92 
H303 0.4165 0.6864 0.2144 5.92 
H321 0.4114 0.0601 0.0147 4.86 
H331 0.4803 0.0243 0.1501 5.83 
H341 0.4194 - • O':) 29 0.2603 5.99 
H3 5 1 0.2908 -.0883 0.2421 5.84 
H361 0.2219 -.061+8 0.0980 5.58 
H371 0.2532 - .22 '5 8 -.3050 5. 12 
H372 0.3341 -.1900 - • 195 0 5.12 
H381 0.3663 -.3130 - .4270 6.37 
H382 0.4163 -.1599 - .3400 6.37 
H383 0.3355 - • 1 95 7 - .4500 6.37 
H39 l 0.0917 -.0580 - • 1975 5.4 7 
H392 0.0935 0.0328 - .0196 5.47 
H401 -.0028 - .1340 -.1150 6.88 
H402 0.0686 - .1519 -.0216 6.88 
H403 0.0668 - .242 7 -.1994 6 .88 
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APPENDIX II 

ADDITIONAL STRUCTUR.~.L DATA FOR 

HCo((c6H5)P(OC2H5) 2)4 
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Table 22. Calculated and Observed Structure 

Factors for HCo((C6H5 ) P(OC2H5 ) 2 ) 4 

The headings for each group give the 

h and k indices which are constant 

for that group. The columns are in 

the order 1 9 Fobsg Fcalc" 

To convert the present indices to 

those of the reduced cell (Table 8 ) 1 

h r = h + k 

k = -h r 

lr = 1 

Reflections marked. with an asterisk 

were observed ::; 0, and were set = 0 

wit:h a 0 weight. 
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Atom -- x -- -- y -- -- z ---
co -.00001( 6) 0.22351( 6) 0.23963( 4} 
Pl -.1418n( 1 1 ) 0.23894( 10) 0.17903( 6} 
P2 0.20226( 10) 0.31038 ( 9) 0.21396 ( 6 ) 
P3 -. 06159( 10) 0.03837( 9) 0.25720 ( 6 ) 
P4 -. 00890( 10) 0.3 0 609( 9 ) 0.34783 ( 6 ) 
01 -.30309( 28) 0.14680 ( 27) 0.18634 ( 19) 
0 2 -.1 3070( 32) 0 .. 22330( 29) 0.08802 ( 15 ) 
03 0.23017( 2 6) 0.2 0 962( 24) 0.16968 ( 16) 
Ll4 0.32706( 25) 0 .. 3 8480 ( 24) 0.27764( 16) 
05 - .19783( 25) -.04097( 23) 0.30261( 15) 
06 -. 09267( 30) - .0 6 37 0 ( 25) 0.1853 1( 15) 
07 0.05397( 26) 0 .. 2 8 139( 23) 0.41992( 14) 
OB 0.05783( 25) 0.45568( 2 7-l 0.36240( 16) 
Cl - .37021( 52) 0.01 8 50( 56) 0.18576( 38) 
C2 -. 50514( 61) - .04417 ( 6 2) 0.20341( 47) 
C3 -.2 1431( 69) 0 .2 338 7( 67) 0.03575 ( 31) 
C4 -.19259(111) 0.22787(116) -.03241( 46 } 
C5 -. 1416 7( 44) 0.38219( 41) 0.19127( 23) 
C6 -. 25015( 5 1 ) 0.3 8 618( 48 ) 0.21255( 30) 
C7 -.24302( 65) 0.49956( 62) 0.22105( 35) 
cs - .12832( 76) 0.60657( 56) 0.20913 ( 33 ) 
C9 0.01965( 60) 0.60570( 48 ) 0.18928 ( 33) 
ClO 0.02634( 52) 0.49401( 1+6) 0.17989 ( 28 ) 
Cll 0.36116( 50) 0. 2L;63 5 ( 50 ) 0.14609( 35) 
Cl2 0.36173 ( 59) 0.14530( 60) 0.10890 ( 40) 
Cl3 0.32773( 41) 0.3236 1( 40) 0.34096 ( 25 ) 
Cl4 0. 't2 8 7 8 ( 48) 0.41786( 46 ) 0.40033( 30) 
Cl5 0.27724( 41) 0.43266( 38) 0.14971( 24 ) 
Cl6 0.21057( 48) 0.41053( 42) 0.08105( 27} 
Cl7 0.26521( 63 ) 0.49576( 58) 0.02807( 30) 
Cl8 0.38481( 70) 0.60280( 63 ) 0.04373( 40) 
Cl9 0.45193( 63 ) 0.62931 ( 56) 0.11202( 44) 
C20 0.39831( 50) 0.54437( Lt 7) 0.16466 ( 3 1 ) 
C21 - .26166( 45) -.17238( 40 ) 0.31045( 28) 
C22 -. 37 749( 53) - .21386( 47) 0.35683( 36) 
C23 -.11242( 59) - .05522 ( 5 0) 0.10962( 29) 



Table 23. Continued 

Atom 

C24 
C25 
C26 
C27 
C28 
C29 
C30 
C31 
C32 
C33 
C34 
C35 
C36 
C37 
C38 
C39 
C40 
H 
H 

-- x --

-.11584( 82) 
0.04775( 37) 
0.06241( 43) 
0.14509( 5 1) 
0.21307( 48) 
0.20369 ( 51) 
0.12030( 4')} 

0.0 '34 13( 52) 
0.13975( 52) 
0.18959 ( 44) 
0.21897( 49) 
-.17101( 38) 
-.20913( 44 ) 
-.33296( 52) 
-.42154( 48) 
-.3 8686 ( 48) 
-.26191( 46) 
0.01570(414) 
0.012 ( - ) 

161 

-- y --

-.14721( 67) 
0.00866( 33) 
0.03263 ( 3 8 ) 
0.01252( 43) 
- .0323 1( 48) 
-.0537 8 ( 47) 
-. 03479( 40) 
0.33195( 48) 
0.31930( 45) 
0.54Lr-30( 38) 
0.67149( 40) 
0.26556( 35) 
0.34834( 40) 
0.31196( 51) 
0.19349( 53) 
0.10936( 45) 
0.14494( 41) 
0.18913(385) 
0.174 ( - ) 

* Derived from difference Fourier map 

-- z --

0.05891( 34) 
0.31017( 23) 
0.3883 1( 26) 
0.430t+O ( 29) 
0.39461( 39) 
0. 3 184 1 ( 3 8 ) 
0.27534( 27) 
0.49607 ( 26) 
0.54777( 26) 
0.34142( 29 ) 
0.36252( 31) 
0.38208 ( 22) 
0.39273( 29) 
0.41847( 36) 
0.43373( 33) 
0.42321( 31) 
0.39789( 30) 
0.16623(250) 
0. 162 ( - ) * 



Ta ble 24. Therma l Parame ter s for HCo((C6H5 )P(OC2H5 ) 2 )4 (X 105) 

The form of the ani sotropic thermal ellipsoid is 
2 2 2 

exp(-(Bllh + B22k + B331 + Bl2hk + Bl3hl + B23k l)) 

Atom Bll B22 B33 B12 Bl3 B23 

co 1004( 9 ) 982 ( 7) 341 ( 3 ) 1 218 ( 13) 214( 7) 298 ( 7 ) 
Pl 1289( 16) 116 3 ( 13) 358 ( 5 ) 1535 ( 24) -72( 14) 73( 12) 
P2 997( 1 4 ) 870 ( 11) 377 ( 5 ) 969 ( 20) 221( 12) 145 ( 1 1 ) 
P3 1051( 14 ) 909 ( 1 l ) 33Lr ( 4 ) 1091( 2 l ) 89 ( 12) 117 ( 1 1 ) 
P4 966( 13) 80 7( 11 ) 374 ( 5 ) 10 25( 20) 15 2 ( 12) 18 2 ( 1 1 ) 
01 1 202 ( 40 ) 1281( 36 ) 764( 1 8 ) 1 298( 66) -3Lt5 ( 41 ) 10 8 ( Lr O) 

02 2251( 5 1 ) 1989( L;3 ) 316 ( 1 2 ) 3004( 82 ) -238( 39) 37 ( 36 ) I-' 

03 1111 ( 37) 11 87 ( 3 2 ) 591( 15 ) 1441 ( 5 8 ) 464 ( 36} 109( 34 } 0\ 
N 

04 101 3 ( 34 ) 1096( 29 ) Lf 6 7 ( 13 ) 882( 53) 0 ( 32 ) 234 ( 3 1 ) 
05 101+8 ( 34 ) 1000( 30) 509 ( 13 ) 1042( 54 ) 272( 33 ) 391 ( 3 1 ) 
06 2174( 50 ) 1170( 32 ) 338 ( 1 2 ) 1721( 68) -46( 39) -104 ( 33 ) 
07 1389( 37) 1209( 3 1) 349 ( 1 l ) 17 24( 58} -Lt 3 ( 3 2 ) 55 ( 30 ) 
08 11 87 ( 37) 79 8 ( 27) 51+5 ( 13) 1012( 54) 393( 35) 190( 30} 
Cl 1339( 7 8 ) 2075( 82 ) 113 6 ( Lf 0 ) 1836(138) 169( 88 ) 1097( 94) 
CZ 1710( 9 1 ) 2325 ( 95) 15 29 ( 55 ) 1780(156) -6(110) 883 (11 6 ) 
C3 3710(133) 3747(127) 3 7Lr ( 24) 5489(231) -~64( 95} 75( 91 ) 
C4 7114(257) 8364(285) 677( 38) 13 327 ( 50 1) -594 ( 153) 268(164) 
cs 1524( 65) 1416( 55) 38Lr ( 19) 2102( 105) -124( 55) 130( 52 } 
C6 18 8 1( 78) 1856( 70) 697( 28) 2630(129) -6( 72) 79( 70) 
C7 2856(117) 2465( 96) 896 ( 36 ) 4450(190) 36(102) -84( 98) 
C8 3722(123) 1903( 75) 723( 30) 4259(172) -347( 94) -11 ( 74) 
C9 2735(106) 1394( 63) 76 4 ( 31} 2445(142) 155( 89) 445( 69) 
ClO 2205( 84 ) 1459( 61) 576( 25) 2462(125) 289( 72) 428( 62) 
Cll 1433( 74) 1867( 74) 1019( 36) 2071 ( 125) 675( 8 1 } -31 ( 82) 



Table 24, Continued 

Atom Bll B22 B33 Bl2 Bl3 B23 

Cl 2 2188 ( 96 ) 2551 ( 95 ) 11 5 8 ( Lt 2 ) 3424 ( 169) 1351 ( 102) 698 (1 02) 
Cl3 121 9 ( 60 ) 1245 ( 5 1) 4 95 ( 2 1 ) 12 83 ( 95 ) -17( 57 ) 316( 5Lt ) 
Cl 4 155 4 ( 7 2 ) 1607 ( 63) 665( 27) 1586 (11 4 ) -3 81 ( 69 ) 24 8 ( 66 ) 
Cl 5 12 56 ( 57 ) 1103 ( l'.t 6 ) 41 8 ( 19 ) 1 206 ( 87 ) 335 ( 52 ) 264 ( l'.t 7 ) 
Cl 6 18 1 Lt( 7l'.t) 13 52 ( 56) 456( 22) 14l'.t8 ( 10 8 ) Lil+ 6 ( 61+ ) 382( 5 7 ) 
Cl7 26 99 (10 8 ) 2 293 ( 87 ) 5 1 2 ( 26 ) 26 8 7(1 63 ) 8 u~ ( 8B ) 10 31 ( 83 ) 
Cl8 2651(114) 2279( 9 1) 917( 3 8 ) 2239 ( 17 2 ) 1562 ( 104 ) 1903 ( 101) 
Cl9 221 5 (10 4 ) 17 33 ( 7 8 ) 110 8 ( 45) Lt 25 ( 14 6 ) 382 (1 07 ) 1376(102) 
C2 0 1 587 ( 76) 1495 ( 6 3 ) 691( 2 8 ) 514 (11 5 ) 149 ( 7 2 ) 855 ( 70) 
C21 140 1( 67) 1082 ( 53) 6 7 2 ( 26) 10 15 (1 00 ) 2 1 9 ( 65 ) 5 05 ( 58 ) 
C22 171 5 ( 80 ) 142 l( 63 ) 962( 35) 899 (11 8 ) 77B ( 86 ) 806 ( 7 6 ) 

t-' 
C23 299 8 (107) 1939 ( 7 4 ) 439( 24 ) 3027 (1 53 ) -209 ( 7 9 ) -409 ( 67 ) (}\ 

C24 5131(177) 299 6 ( l l't) Li 7 6 ( 2 8 ) 5166( 249 ) -84 (110) -18 4 ( 89 ) w 

C25 1007( 52) 7 59 ( 41) 437 ( 19) 957( 7 8 ) 10 5 ( 5 1 ) 15 5 ( 45) 
C26 1'+00 ( 62) 1112( 4 9 ) 528( 22) 1503 ( 91+ ) -104( 5 9 ) 18 1 ( 53) 
C27 1848 ( 8 1 ) 13 14( 5 8 ) 5 86 ( 25) 1416(11 4 ) -55 9 ( 71 ) 260( 60 ) 
C28 127 5 ( 72) 1 542 ( 68) 1038 ( 39) 141 4 (11 5 ) -1 30 ( 87 ) 103 0 ( 8 7) 
C29 16 80 ( 76) 15 52 ( 65) 1033( 36) 2333 ( 1 23 ) 688 ( 88 ) B76( 83 ) 
C30 15 55 ( 67) 124 2 ( 53) 617( 24) 1747(1 03 ) 4 17( 63) 48 9 ( 57 ) 
C31 23 41+ ( 86 ) 20 83 ( 7 3 ) 386( 21) 3095(13 9 ) -273( 66 ) -219( 61) 
C32 22 20 ( 82) 159 2 ( 61) 408( 2 1 ) 2069(121) -264( 65 ) 1 ( 57) 
C33 140 6 ( 67) 940 ( 'i-8) 765( 27) 1145( 96) 489( 67) 251( 57) 
C34 17 43 ( 7 5 ) 987( 5 1 ) 842 ( 30 ) 1193(1 03 ) 617 ( 75) 412( 62) 
C35 111 6 ( 5 4 ) 9 61 ( 46) 35 7 ( 1 8 ) 1 212 ( 88 ) 90( 4 8 ) 1 04 ( 44 ) 
C36 1260( 64 ) 1192( 53) 733( 27) 1505(1 01 ) 362( 64 ) 120( 58) 
C37 1480 ( 79) 177 5 ( 75) 1136( 39) 2 249 (1 33 ) 457( 88 ) -132( 87 ) 
C3 B 1166( 70) 1 888 ( 79) 888( 33) 1444(124 ) 566( 75) -23 8 ( 8 2) 
C39 1368( 72) 13 24 ( 62) 780( 30) 665(10 9 ) 886( 74 ) 224 ( 67) 
C40 1474( 70) 11 8 7( 56) 774( 28) 1497(106) 819( 71 ) 388( 63) 
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Table 25. Derived Parameters for the Hydrogen Atoms of 

HCo((C6H5)P(OC2H5)2)4 

Atom x y z B cR2) 

Hll -.3176 -.0003 0.2271 7.23 
Hl2 - .3660 -.0201 0.1290 7.23 
H21 -.5469 - . 1441 0.201 1 11. 92 
H22 - .5610 - .0285 0. 1624 11.92 
H23 -.5127 -.0088 0.2604 11 .92 
H31 -.2022 0.3238 0.0514 6.95 
H32 -.3177 0.1586 0.0425 6.95 
H41 - .2626 0.2371 - 0 065 9 9.12 
H42 - .20 5 7 0.1380 - .050 2 9.12 
H43 - .0903 0. 3 03 1 -.0413 9.12 
H6l -.3343 0.3 2 8 2 0.2235 7.27 
H7 l - • 31 53 0.5005 0.2345 6.52 
H81 -.1241 0.6791 0.2144 6.38 
H9 l 0.0574 0.6Tf8 0.1821 6.04 
HlOl 0.046 7 0.4947 0.1660 6.24 
Hlll 0.4305 0.2 84 7 0.1962 6.62 
H 112 0.3938 0.3 178 0. 1074 6.62 
Hl21 0.4626 0.1772 0.0920 8.28 
Hl22 0.2932 0.1065 0. 05 85 8.28 
Hl23 0.3298 0.0735 0. 14 7 2 8.28 
Hl31 0.3528 0.2557 0.3223 5.35 
Hl32 0.2290 0. 2 75 8 0.3642 5.35 
Hl41 0.4296 0.3715 0.4487 6.66 
Hl42 0.4038 0.4858 0.'-t-190 6.66 
Hl43 0.5275 0.4657 0.3771 6.66 
Hl61 0 . 1297 0.3392 0.0703 5. 12 
H 171 0.2204 0.4793 -.0169 5.98 
H 18 1 0.4210 0. 65 75 0.0088 6.91 
Hl91 0.5313 0.7023 0.1228 6.83 
H201 0.4434 0.5624 0.2097 5 .3 8 
H211 - • 1906 - . 1872 0.3379 5.53 
H212 - ~2945 - . 2258 0.2543 5.53 
H221 -.4256 - .3130 0.3627 7.22 
H222 -.4486 -.1991 0.3295 7.22 
H223 - .3448 - .1605 0.4129 7.22 
H231 -.0310 0.0359 0.095 5 6.9 2 
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Table 25. Continued 

Atom x y z B <R2) 

H232 - .2075 - .0629 0.1026 6.92 
H241 - .1317 -.1339 0.0009 8.84 
H242 - • 197 4 -.2392 0.0716 8.84 
H243 - • 0211 - .. 1405 0.0645 8.84 
H26 l 0.0171 0 .. 0621 0.4126 5.00 
H271 0.1536 0.0292 0.4814 5. 5 7 
H281 0.2648 -. 0478 0.4220 5.93 
H29 l 0.2518 -.0808 0 • 29Lt-9 5.88 
H301 0.1137 - .. 0510 0.2243 5. 14 
H311 -. 0478 0.2817 0.5149 10. 8 0 
H312 0.0913 0 .. 4307 0.4965 10.80 
H321 0.1386 0 .. 3581 0. 6 05 2 6.92 
H322 0.2419 0.3696 0.5292 6.92 
H323 0.1029 0 .. 2207 0 .5476 6.92 
H331 0.1958 0. 5 2 95 0.2802 5.70 
H332 0.2617 0.5335 0.3714 5. 7 0 
H341 0.3197 0.7406 0.31+68 6.56 
H342 0.2124 0.6859 0.4237 6 .5 6 
H343 0.1465 0.6819 0.3326 6.56 
H361 - .1525 0.4278 0.3828 5.36 
H371 -.3556 0.3684 0.4253 6.00 
H381 - .5022 0.1711 0.4506 6.33 
H391 - .4451 0.0299 0.4327 5.27 
H401 - .239 7 0.0881 0.3916 5.oo 
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PROPOS ITIONS 
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PROPOSITION 1 

In recent years, photoelectron spectroscopy has risen 

from an experimental cur i osity to an apparently useful 

labora tory tool. Much of t hi s progress has been due to 

the efforts of Siegbahn a~d c owor k ers (1) who pioneered in 

thi s fie ld a nd e s ta b l ished the p opular method now in use, 

common l y ref 0rre d 'Co a s ESCA (E lectron Spectroscopy for 

Chemical Analysis). 

The method is somewhat similar t o x-ray abs orption 

spec troscopy p exc ept that instead of measuring the energy 

of the transmitted photons, the kinetic energies of the 

expelled core electrons are measured in an electron spectro-

meter. If the incident x-radiatio n i s monochromatic, the 

binding energy of the expelled electron can be calculated 

from the expression: 

Ek . ·in 

where E is the energy o f the inci dent radiation and 
x-ray 

Ekin i s the kinetic energy of the expelled electrons. 
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Properlyp a work function for the spectrometer should also 

be sub tracted fro~ the x-ray energy , but it is more common 

merely to calibrat e t h2 instrument to known energy bands (1). 

If the proc ess were this simple, of cours e, ESCA 

would ha v e little value except in elemental analysis. 

Fortunately , however, changes in the electron density about 

an atom induce small changes i n the binding energies of 

the core electrons. An increase in binding energy implies 

a reduction in electron density (1,2). If this effect can 

be observed , or, to be more spec i fic , if the chemical shift 

is greater than the line width of the exciting radiation,. 

some very interesting studies are possible. It has been 

shown (1,3 , 4) that in most cases the shift is observable, 

although at times the resolution appears marginal. 

It is general practice in studies of this chemical 

shift to measure t he binding energies of electrons in a 

particular shell of an atom in a series of chemical sit

uations. Because the subject of interest in many cases 

is a comparison of calculated and derived atomic charges, 

this information i s probably suff i cienta However, for 

studies of bonding , it would be of interest to measure 

in addition the binding energies of electrons in the 

atoms associated with t he atom under investigation. This 

would give an indication of the electron "flow" which takes 

place in going from one system to the next. In systems 
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which display significant chemical shifts, it should be 

possible to tell just where the electrons go (relative to 

some stancard) upon bond formation. 

One problem to which this met:hod might well be applied 

is the flow of electrons in transition metal phosphine 

complexes. It has been generally accepted that phosphorus 

ligands can act as ~-donors~ ~-acceptors, or a combina

tion of both, depending upon the electronegativity of the 

phosphorus substituents (5). On the basis of n.m.r. 

studies, however, it has been postulated that very little 

u bonding does, indeed, occur (6). Since phosphines and 

phosphites are formally donor molecules, it is expected 

that with coordination, the electron density at the phos

phorus atom will be reduced. If, however, there is signi

ficant u back-bonding in the complex , the reduction will 

not be as large or may not appear at all. 

Considering the curren'c interest in ESCA, it is 

surprising that still only very few data are available for 

phosphine complexes (7,8). From phosphorus 2p binding 

energies of three triphenylphosphine complexes it has 

been concluded that triphenylphosphine is as good a 

v -acceptor as it is a o--donor (8). It is doubtful that 

such a conclusion can safely be drawn from the limited data 

available. It should also be noted that merely because 

the electron density does not change appreciably upon 
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coordination 9 there is no requirement that ~-donation 

and 7-acceptance are evenly balanced. Also, since w

acceptance (or whatever unknown mechanism which gives the 

appearance of T-acc eptance ) increases with the electro

negativity of the phosphorus substituents, it seems 

necessary that a wider range of phosphines and phosphites 

be investigated. It will be necessary also to look at 

more than the effect of coordination upon the phosphorus 

atom alone. The metal atom, as well as the phosphorus 

substituent atoms~ should be investigated. 

It is proposed that an investigation of several metal

pnosphine and phosphite complexes be undertaken using the 

ESC.A. method. Table 1 lists some molecules and a toms which, 

if the specified binding energies can be obtainedg should 

produce a healthy cross section of results. An investiga

tion of all of the complexes mentioned would be a large 

undertaking; it is probable that experimental difficulties 

will make the investigation of some of the compounds im

possible. The palladium complexesg for example, are 

notoriously unstable. 

Hopefully, when the data are collected, changes in 

the electron "flow" will be observed with each group of 

metal complexes. The electron density of the metal can 

be expected to decrease in going from the triphenylphosphine 

complex. It should be possible to see whether the electrons 
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Table 1. Ligands and Complexes to be Studied by ESCA 

Ligands Binding Energies Sought 

PPh3 p (2p), C(ls) 

PhP(OEt ) 2 p (2p) ., C(ls)p O(ls) 

P(OEt) 3 p (2p ) , O(ls ) 

P(OCH2) 3ccH3 p (2p), O(ls) 

PF3 P(2p)7 F(ls) 

Comp le::.: es 

P'c (PPh3) 4 Pt(l.Lp)1 P(2p)~ C(ls) 

Pt(PhP(OEt) 2)4 Pt(4p), p ( 2p)' C(ls), O(ls) 

Pt(P(OEt) 3) 4 Pt(4p(, P(2p ) , O(ls) 

Pt(P(OCH2) 3ccH3)4 Pt(4p)!I p (2p)' O(ls ) 

Pt(PF3)4 Pt(6.-p ) y P(2p), F(ls) 

Pd(PhP(OEt) 2)4 Pd(3p) :1 P(2p) 1 C(ls), O(ls) 

Pd(P(OEt) 3)4 Pd(3p) 11 p (2p) 1 O(ls) 

Pd(P(OCH2) 3ccH3)4 Pd(3p) 1 p (2p) p O(ls) 

Pd (PF 3 ) l~ Pd(3p) , p (2p) J F(ls) 

Ni(PhP(OEt)?)L 
~ ~ 

Ni(2p), p (2p), C(ls), O(ls) 

Ni(P(OEt) 3 )4 Ni(2p), p (2p ) 1 O(ls) 

Ni(P(OCH2) 3ccH3 )4 Ni(2p ) , p (2p) 1 O(ls) 

Ni(PF3)4 Ni(2p ) , p (2p)' F(ls) 
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of the donor phosphorus ligands move to the metal, or 

r emain essentially unchanged. The binding energies for 

the phosphine substituent s should indicate if the metal

donated electrons stop at the phosphorusp or move on to 

the substituents. 

Unf ortunatelyp even if relative changes in electron 

density are observed, the questions of er and ~ bonding 

will remain unresolved . Howeverp if the changes in 

electron density tend to agree wi th those predicted from 

a er and 7T schemep we can feel easier about applying this 

concept to discussion of bonding. 

If successful, this investigation should lead to 

further studies which compare the electron flows in phos

phine complexes with those in arsinep ammine, carbonyl, 

and other complexes. Phosphorus compounds were chosen in 

the present case because of the large variety of known 

complexes suitable for this type of study. However, the 

suggested method could be applied to any series which 

undergoes significant changes in electron density in moving 

from one member of the series to the next. In any case, 

little information about bonding can be expected if the 

electron binding energies of only one of the bonded atoms 

are investigated. 

It is possible that there will be no observable 

trends in the data. If this is the case, then the work 
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will serve as a test of t he limits of the ESCA method. 

Certainly the chemical shifts are not large (8 ) P and it 

may be that s u ch a dete:cmination is~ indeed, beyond the 

ca:;:iab i lities of the ESCA system. Although the da ta p r e

sently available are not promi sing , the problems encount ered 

appear to lie in a poor choice of wodels to study rather 

t ha n an inherent weakness of the system. 
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PROPOSITION 2 

Mixed valence platinun1 comp l e xes containing infinite 

cha.ins of Pt(Il) and Pt(IV) have been known for several 

years. Perhaps the best known example of this type of 

compound is Wolffram's red salt 

(Pt(C2H5NH2 )t+
2+c14 • This complex was postulated to contain 

two oxidation states of platinum in 1936, (2) and later to 

contain only Pt(III) (3). It was not until 1961 tb.at the 

former formulation was confirmed by x-ray crystallography 

(4). 

The crystal structure s of seve ral related complexes 

have been determined (5-8) but in a ll cases disordering 

in the crystals reduced the accura cy of the results. The 

nature of this disorder is interesting since it is largely 

one dimensional. The chains mentioned above follow the 

genera l pattern -Pt(II)-X-Pt(IV)-X-Pt(Il)-X-Pt(IV)-, 

where X is either Cl or While it is virtually 

certain that there is no interchange of atoms within each 

of these chains, in the crystals there is very little 
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correlation of the chains with on e another. Thus, in the 

refinement of data from such crystals only average positions 

of the various atoms are obtained. 

The disorder of the chains with respect to one another 

is observed in oscillation photographs (camera axis par

allel to the chains) as diffuse bands in place of the 

odd-numbered layer lines. These diffuse layer bands have 

been observed in all of the Pt compounds thus far investi

gated, and possibly in a related Pd compound (9). The 

absence of such bands would be a hopeful sign as far as 

disorder among the chains is concerned . 

One possible solution to the disorder problem would 

be to find some way of relating one chain to another. This 

could logically be achieved by replacing the non-bridging 

halides by large anions which could exert steric limitations 

upon the chains. One of the obvious choices for considera

tion is the perchlorate anion, and a perchlorate complex, 

(Pt en2 )(PtC12en2 )(Cl04 ) 4 , en= ethylenediamine has been 

reported (10). The complex is easily prepared and is stable 

to the atmosphere. 

An examination of oscillation photographs of this 

complex reveals no sign of the layer line bands observed 

previously. Instead, definite reflections are observed 

in the odd-numbered, as well as the even-numbered, layer 

lines. Zero- and first-layer Weissenberg photographs 
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indicate tha t the unit ce l l is orthorhombic. It is 

apparent that this compound s u f fers much less from disorder 

than the previously investigated compounds. 

As with many other mixed valence complexes, this 

compound shows some unusual spectral properties. With 

indicident light pola rize d pa r a llel to the chain axisp the 

transmitted light is r ed ; wi th the light polarized perpendi

cular to t h e c ha in a xisu the t ransmitted l i ght is yellow 

(10) " Al t hough s eve r al st:udie s hav e b een c a rrie d out on 

comple xes which la c k a bridg ing halide atom (which show 

s imi l ar b ehavior) (11 - 16) , v e ry lit t le informa tion is 

available on the single crystal spectra of complexes .with 

bridging halides (17). It now appea rs likely that in the 

cases of the non-bridged species (such as Magnus' green 

salt, (Pt(NH3 ) 4 )(PtC14 ) )P that the ususual spectral fea

tures are not due to any metal-metal bonding~ but to the 

perturbations of energy states by the close presence of the 

cation and anion (12). It s eems proba ble at this point 

that the situation i s simila r i n the bridged species and 

that there is no fonna l Pt(II)-X bond. 

It is propos e d that s i n g le crystal polarized aborp

tion spectra be obtained for the complex (Pt en2 )(PtC12en2 )

(Cl04)4 and that a compa rison be made between these spectra 

and those of the non-bridged spe cies; hope fullyp it can be 

determined from these data if the unusual spectral features 
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result from charge transfer transitions or if they result 

from perturbations of the Pt(II) energy states by the 

nearby chloride ligands along the z axis. In addition, 

it is proposed that t he structure of the complex be 

investigated by x-ray crystallography, in view of its 

apparent lack of disorder. 



179 

References 

1) H. Wolffram, Dissertation, Konigsberg (1900). 

2) H. Reihlen and E. Flohr, Ber. dtsch chem. Ges, 67, 
2010 (1934). 

3) 

4) 

5) 

6) 

7) 

8) 

9) 

10) 

11) 

12) 

13) 

H. D. Drew and H. Ja Tress, Jo Chem. Soc ., 1244 (1935). 

B. M. Craven and D. Hallp Acta Cryst.~ 14, 475 (1961). 

C. Brossetp Archiv Kemi Min. Geol., 26A, No. 19 (1948)i . 
D. Hall and P. P. Williams, Acta Cryst:"; Jl., 624 (1958). 

T. D. Ryan and R. E. Rundle 0 J. Am. Chem. Soc., 83, 
2814 (1961). ~ 

J. Wallen 1 C. Brosset, and N. G. Vannerberg~ Arkiv 
Kemi, ~' 541 (1962). 

B. M. Craven and D. Pi.all, Acta Crys t., 11~ 177 (1966). 

E.W. Hughes 7 Private Communication. Prof. Hughes 
now feels that the bands observed in oscillation 
photographs of (Pd(NH3)2CI2)(Pd(NH3)2Cl4) may also 
have been the result of iron contamination of the 
x-ray tube. 

s. Kida, Bull. Chem . Soc . Japan» 38~ 1804 (1965). 

M. Atojip J. W. Richardson~ and R. E. Rundle, J. Am. 
Chem. Soc.j 79, 3017 (1957). 

Po Day, A. F. Orchard 9 A. J. Thompson, and R. J. P. 
Williams, J. Chem. Phys.P 42, 1973 (1965). 

P. Day, A. F. Orchard & A. J. Thompson, and R. J. P. 
Williarnsp J . Chern. Soc ., (A ), 668 (1968). 

14) B. G. Anexg M. E. Ross~ and M. W. Hedgcock, J. Chem. 
Phys., 46~ 1090 (1967). 



180 

15) J. R. Millerp J o Chem. Soc . ~ 713 (1965). 

16) D. s. Martins Jr., R. A. Jacobsonp L. D. Hunter, 
and J. E. Benson~ Inorg. Chem . p 2, 1276 (1970). 

17) s. Yamada and R. Tsuchida, Bull. Chem . Soc . Japan, 
29, 894 (1956). 



181 

PROPOSITION 3 

Although hydride complexes of many transition metals 

are now known and in many cases are under extens·ive study, 

hydrido complexes of nickel have in the past received 

little attention. Although there are probably several 

reasons for this apparent neglect~ the most obvious is the 

very small nu.inber of known stable nickel hydride complexes. 

Like the corresponding iron and cobalt carbonyl hydrides, 

the nickel carbonyl hydrides are extremely unstable (1). 

As is the case with the other transition metals, phos

phine ligands tend to stabilize hydride complexes to a 

greater extent, and some phosphine nickel hydrides of 

reasonable stability have been reported. A compound 

corresponding to the already well-characterized Pt(II) 

complexes~ trans-hydridochlorobis(tricyclohexyphosphine)

nickel(II), has been prepared~ and is reported to be stable 

to air for s everal hours in the solid state (2). The 

reaction of strong, nonaqueous acids with ((C6H5 )
2

PcH2P

(C6H5)2)2Ni has been shown to yield the cation 
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complex of nickel has also been reported. The compound is 

difficult to crystallize a nd decomposes even under an 

inert atmosphere after a few days (4). There is also some 

evidence for a borohydride nickel hydride complex, 

(R3P) 2NiH(BH4 ), for which it has been suggested that the 

nickel and boron are connected by two bridging hydrogens 

(5). 

More recently two interesting dinuclear complexes 

have been reported (6)Q When complexes of the type 

R2P(CHz)nPR2NiCl2 (R = cyc lohexylD n = 2 or 4) are treated 

with Na(HB(CH3 ) 3 ) in toluene , diamagnetic complexes are 

obtained which mass spectra and cryoscopic data indicate 

are dimeric. From the five line p.m.r. spectrum which was 

observed at high-field (T= 21.4) , the authors suggested 

a structure of the typei 

where the hydrogen atoms a re bridging the two nickel atoms 

and lie above and below the molecular plane. 

Since phosphine hydride complexes are notoriously 

non-rigid in solution , the n.m.r. data should not be taken 
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too seriouslyj although t h e dimeric nature of the complex 

seems to be well established. Bridging hydrogen atoms 

are not unknown in transition metal complexes~ and some 

structural work has been carri ed out (7,8i9); the hydrogen 

atom position has been established in the structure deter-

tural information is a va ila ble for n ickel hydride com-

plexes. 

It is proposed tr.tB. t low tempera t ure n.m~r. specta be 

obtained f or the d i meric complexes i n order to determine if 

the spectra are temperature inde pendent. In view of the 

similar borohydride complex which has been reported (5), 

it seems very possible that the low temperature n.m.r 

spectrum will continue to be consistent with the hydrogen-

bridged structure. In addition~ it is proposed that the 

unit cells and space groups of the complexes be determined 

in order to estiwate the chances of locating the hydrogen 

atoms in complete x-ray structure determinations. If the 

0 
cells are reasonably large ( 2: 10 A each edge) and of rea-

sonably low sym.~etry (prefera bly tric l inic or monoclinic), 

the chances of finding the hydrogen atoms are good. It may 

be of advantage to utilize a more asymmetric form of the 

phosphorus ligand if the symmetry of the cell is too high. 

If a promising complex of thi s type can be obtained, an 

x-ray crystal determina tion should be carried out, since 
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structural data on double hydrogen bridges between tran

sition metals are not available. 
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PROPOS ITION 4 

Compounds of the fulminate anion (CNO-) have been 

known for many years (lp2,3). Apparently, however, the 

well-known explosive nature of the early fulminate com

pounds ha s discouraged the st:udy of the potential ly inter

esting CNO ligand. Al~ost a l l of the studies of this 

ligand in transition metal complexes have been carried out 

by a single group headed by Wolfgang Beck at the University 

of Munich. 

The simple fulminates, mercury, silver, and sodium, 

have been studied mainly for their exp losive properties. 

The crystal structures of all three have been reported 

(4,5g6). The CNO- anion isg as expected1 linear, although 

in the silver compound , which appears to be essentially 

covalent, it was not possible to establish the identity 

of the atom bonded to the silver atom (4). It seems 

likelyg however, that bonding occurs through the carbon 

atom. 

It is somewhat surprising that stable fulminate 
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complexes can be prepared at all~ in view of the explosive 

instability of the ionic compounds. In its complexes, the 

fulminate anion behaves much like a cyanide ion 1 except 

that it is not: as stable to reducing agents. None of the 

fulminate complexes yet prepared is exceedingly stable, 

although most rr~y be handled quite easily. Most do not 

explode unless placed in a flame, and many only decompose 

slowly without an explosion, even if exposed to a flame (7), 

The infrared spectra of potassium and sodium fulminate 

have been reported (8). It is notable that Nujol mulls 

and KBr pellets were used in this determination, in spite 

of the explosive nature of these compounds. The KBr 

pellets showed no sign of decomposition in spite of the 

pressures required to prepare the pellets. 

Several square planar complexes of the fulminate anion 

with Ni(II), Pd(Il), and Pt(Il) have been prepared (7). 

The complexes of the type (R3P) 2M(CN0) 2 (M = Ni, Pd, Pt; 

R = c6H5 , C2H5) are especially stable~ and do not explode 

even when placed in a flame. The hydrido complex trans

PtH(CNO) (P(C2H5) 3)2 has also been prepared~ a comparison 

of its platinum-hydrogen stretching frequency in the 

infrared spectrum with.those of the corresponding cyanide, 

thiocyanate, and cyanate complexes showed that the fulminate 

anion lies between cyanide and thiocyanate in the trans 

influence series (9). No kinetic studies have been carried 
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out p but it has been demonstrated (I O) tr.at ~ at least for 

Pt(Il) complexes? t he trans influence (structural) series 

parallels the trans effect (kinetic) seriesa As may be 

expected, the ligand field stre ngth of the fulminate ion 

is high, although not as high as that of the cyanide ion(ll ). 

Although the fulminate ion appears to have the capabil-

ities required to form complexes with metals in low oxida-

tion states l it has proven to be very difficult to obtain 

such complexes. Reduction of the metal ion after substitu-

t i on by fulmina te appears t:o be impractica l p since generally 

all tha t is reduced is the fulminate ion, producing the 

corresponding cyanide comp lex (12). Recently~ the prepara

tion of c is -(M(Co) 4 (CN0) 2 )
2

- (M = Cr , Mo, W) has been 

reported; the complexes result from the ultraviolet irradia-

tion of a mixture of M(C0)
6 

and sodium fuL~inate and 

subsequent precipitation by tetraphenylarsonium chloride 

(13). 

Ruff (14) has reported the preparation of the anions 

Fe(Co) 4 CN- and Fe2 (co) 8 CN- by the ultraviolet irradiation 

of a mixture of iron pentacarbonyl and bis(triphenylphos

phine)imminum cyanide. Although the monon~clear complex 

probably has a structure similar to iron pentacarbonyl, the 

structure of the dinuclear species is unknown. Since the 

v(C-N) is observed at a higher energy than in the mono-

nuclear complex, it was suggested that the cyanide served 
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as a bridging ligand. 

It is proposed that the preparation of similar zero-

valent me'cal fulminate comp lexes be attemptedp using iron 

and nickel carbonyls as starting materialsa The complexes 

of these metals should prove to be interesting, especially 

if a species conta ining a bridging fulminate ion can be 

isolated. Infrared spectra will prove to be useful in this 

respectp since a bridging fulminate ion should be apparent 

from a decrease in the v (C-N) and v (N-0) frequencies. 

(Although it would be desirable to have some x-ray data 

available for fuLrninate complexes , ·the zero-valent systems 

would be poor choices for study. The large tetraphenyl-

arsonium cations necessary to stabilize the complexes would 

make the solution of a structure extremely unwieldy. At 

present the best candidate for x-ray work would be 

P(C2H5) 3) 2Ni(CN0) 2• ) 

In additionp it is proposed that the tris(acetonitrile)

tricarbonyl complexes of the chromium group (15 ) be treated 

with sodium fulminate and tetraphenylarsonium chloride in 

the solution in an attempt to prepare trisubstituted ful-

3-
minate complexes of the type (M(C0) 3 (CN0) 3 ) (M = Cr, Mo, 

W). The acetonitrile ligands are quite labile and should 

be easily replaced by the stronger bonding CNO- ligands. 

It is hoped that from these reactions will come a 

complex which is suitable for an extensive vibrational 
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analysis. Such an analysis, similar to that carried out 

for cyanide complexes (16) would give a better idea of the 

nature of bonding in the fulminate ligand. Although a 

vibrational study of one of the hexafulminate complexes 

might be a simpler undertaking~ it would be interesting to 

see if w back-bonding is, as might well be expected, 

important in the zero-vale nt complexes. 
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PROPOSITION 5 

It is now well known that hydride, alkyl~ and aryl 

( ~-bonded) ligands have a l abili z i n g effect upon the 

ligands trans to them in transition metal complexes. This 

is generally thought to be a ~-bonding effect, and indeed, 

ligands which are thought to form ~ bonds with transition 

metals are usually not trans labilized significantly (1). 

In addition to the kinetic effects noted, it is now recog

nized that there is a structural influence of hydride and 

alkyl ligands which tends to lengthen metal-ligand bonds 

trans to them. In order to distinguish these structural 

effects from the kinetic trans effects~ it has been pro

posed that the latter be ref erred to as trans "influence" 

(2). Although a great deal of work has been done in the 

study of the trans effects of several ligands (mostly in 

connection with platinum(ll) ~ very little structural in

formation is available concerning the trans influence of 

the ligands. 

The structural data that are available for hydride 
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and alkyl transition m2tal complexes indicate that the 

trans bonds are lengthened up to 0.3 ~ if the trans ligand 

is ~-bonded (Cl- ~ NH3 , etc.), but much less if the trans 

liga nd is capable of f orming 7f bonds with the metal. 

Apparently n o unusually long trans carbonyl-metal bonds 

have been observed~ although trans phosphite-metal (3) 

and cyanide-metal bonds (4) have been observed to be 

slightly longer than corresponding cis ligand-metal bonds. 

Unfortunately, the data are scattered throughout several 

different systems and several different transition metals. 

Any reliable correlation of bond lengths with trans in

fluence is~ therefore , difficult. 

There is a n eed for a systematic study , similar to the 

kinetic studies which have been carried out~ of the trans 

influence of hydride and o--bonded carbon ligands. What is 

required, of cours e, is a syst&m which forms stable com

pounds upon substitution by hydride and various alkyl, 

aryl, and other a--bond ed carbon ligands. Such systems 

are unfortunately not common~ a fact which has probably 

helped to limit the amount of structural data available. 

Since the problem can be attacked from several angles, 

a statement of scope seems to be in order. For the pro

posed work, we would like to examine the trans influence of 

several different ligands upon a single trans ligand. 

Since our variable species are to be ligands of high 
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er -trans influence, the tra ns ligand should also be er -

bonding. There are severa l features which would be des:i.r

able in the chosen systeme 1) The complexes should be as 

simple as possible, minimizing the number of atoms in each 

determination . 2) Since the accuracy of metal-ligand bond 

lengths tends to decrease with the increasing atomic weight 

of the metal, a lighter transition metal is preferred. 

3) In order to have an internal check on the trans influ

ence , the system should be structured such that there are 

identical ligands c i s and tra ns to the trans influencing 

ligand. 4) And most important, the system chos en must 

form a large variety of er -bonded carbon comp lexes. 

Platinum probably forms more stable er-bonded carbon 

complexes than any other metal, which, in part, accounts 

for its common usage in trans effect studies. However, 

since the bond lengths may not change a great deal from one 

trans influencing ligand to the next, accurate bond dis

tances will be required. Platinum is one of the heaviest 

transition metalsp and thus it would be better to choose a 

lighter metal in hopes of obtaining better bond length 

accuracy. In addition, platinum complexes, by comparison 

with those of the other transition metals, suffer from over

investigation, much to the disadvantage of the other transi

tion metals. 

Although a first row transition metal would be 
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desirable from a weight aspect, the alkyl substituted 

complexes of this series tend to have limited stability. 

The second row transition elements seem to show more 

promise. As a matter of fact, in consideration of the four 

stipulations made above, there is only one system presently 

known which would be suitable for the proposed study. 

Successfu l preparations have been reported for 

(Rh(NH3 ) 5R)so4 where R = H, Etp Pr , Bup c3F6H, and c
4

F
8

H 

(5). This system s eems well suited f or the suggested study 

since the ammine ligands are relatively simple and '1'-

bonding . Condition 3 is satisfiedp giving an extra inter-

nal check on the trans bond lengthening. Also the simplic-

ity of the preparations and stabilities of the products 

imply that additional complexes with different "'-bonding 

carbon ligands can be prepared. 

Rhodium is not as light a metal as we might have hoped 

f orp but the recent determination of the crystal structure 

of (Rh(NH3 ) 5Et)Br2 indicates that bond length accuracy will 

not be a problem (6). In this case the difference in the 

c is and trans Rh-N bond distances was found to be 0.18 R. 
It is proposed that 'che x-ray crystal structures be 

2+ determined for several members of the system (Rh(NH3 ) 5R) • 

Logical members for the initial study would be the hydride 

(R = H) and one of the fluorocarbon derivatives (R = 
CnFznH). Depending upon the success of further preparations, 
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systems in which R == phenyl~ fluorophenyl~ and perhaps 

even a cyl could be added to the series. A sterically 

hindered system , such as R == tertiary butyl, would also 

be of interest. With the information already available 

from the ethyl derivative , it thus will be possible to 

establish the relative strengths of cr - trar..s influencing 

ligands. 
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